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Abstract We present a technique-led review of the progression of precise ra-
dio astrometry, from the first demonstrations, half a century ago, until to date
and into the future. We cover the developments that have been fundamen-
tal to allow high accuracy and precision astrometry to be regularly achieved.
We review the opportunities provided by the next-generation of instruments
coming online, which are primarily: SKA, ngVLA and pathfinders, along with
EHT and other (sub)mm-wavelength arrays, Space-VLBI, Geodetic arrays and
optical astrometry from GAIA.
From the historical development we predict the future potential astrometric
performance, and therefore the instrumental requirements that must be pro-
vided to deliver these. The next-generation of methods will allow ultra-precise
astrometry to be performed at a much wider range of frequencies (hundreds
of MHz to hundreds of GHz). One of the key potentials is that astrometry
will become generally applicable, and therefore unbiased large surveys can be
performed. The next-generation methods are fundamental in allowing this.
We review the small but growing number of major astrometric surveys in the
radio, to highlight the scientific impact that such projects can provide.
Based on these perspectives, the future of radio astrometry is bright. We
foresee a revolution coming from: ultra-high precision radio astrometry, large
surveys of many objects, improved sky coverage and at new frequency bands
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other than those available today. These will enable the addressing of a host of
innovative open scientific questions in astrophysics.
Keywords Astronomical instrumentation, methods and techniques ·
Instrumentation: interferometers · Methods: observational Radio astronomy
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1 Introduction
The field of astrometry, through the measurement of the precise positions,
distances and motions of astronomical objects, is a fundamental tool for as-
trophysics, and has been revolutionised in recent years. The level of accuracy
and precision achieved, along with its applicability, determines its potential.
Currently radio astrometry with Very Long Baseline Interferometry (VLBI)
provides the highest accuracy and precision in astronomy. The relentless in-
crease of the precision in these measurements over time has extended the
application into many new areas of fundamental astronomy, astrophysics and
cosmology. As a result astrometry is assisting in the revision of our knowl-
edge of the physical parameters of individual sources, such as size, luminosity,
mass and age, and the understanding of stellar birth and stellar evolution,
using direct measurements of the trigonometric parallax distances to objects
across the Galaxy, with unprecedented ±10% accuracy. Furthermore, combin-
ing with the proper motion measurements these reveal the 3-D spiral structure
and the values of the fundamental dynamical parameters of our Galaxy, us-
ing the six-dimensional phase-space distributions of Galactic sources. In many
cases the “gold standard” VLBI distances measured by trigonometric parallax
is significantly different from the kinematic distances and also occasionally to
Hipparcos measurements, hence the fundamental role of VLBI to serve as a
cross-check for its successor, GAIA. For a recent review of the astrophysical
applications of these measurements in radio astrometry see Reid and Honma
(2014), and for optical astrometry see Vallenari (2018).
1.1 VLBI astrometry
Very Long Baseline Interferometry is a geometric technique that provides the
highest angular resolutions in astronomy, as sketched in Fig. 1. Interferometry
consists of the measurements of the coherence function, at a spatial separa-
tion. In astronomy these correspond to the correlation of two signals, taken
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by observatories separated by a ‘baseline’ vector and, as the signal is travel-
ling from astronomical distances, represents the Fourier term of the transform
of the brightness distribution of the observable sky, at the spatial frequency
given by the baseline (e.g., Van Citter 1934, discussed in Born and Wolf 1999).
Larger separations (i.e. longer baselines) represent higher ‘spatial frequencies’
and provide higher image angular resolutions. The more complete the sampling
the more reliable will be the reconstruction of the sky brightness distribution.
Radio interferometry is blessed in that the phase of the correlated signal can
be measured, so the coherence function can be recovered. This complex quan-
tity is called the ‘visibility function’ and depends only on the antenna pair
separation (the baseline), measured in uv-space: (u, v, w), and the brightness
distribution. Thus the reconstruction of the observed sky can be performed
with a simple Fourier transform of these complex quantities, sampled at the
uv-points. In comparison, for optical interferometry or X-ray crystallography
the phase terms are lost, introducing significant complexities in the recon-
struction (e.g., Perutz 1962). The phase of a complex number has the greatest
impact on image reconstruction, thus in radio the prime observable quantity
is considered to be the phase and its derivatives in frequency (delay) and
time (rate), particularly in astrometry where peak position is more important
than image fidelity. VLBI uses simultaneous observations between an array of
widely separated telescopes, each equipped with an extremely precise atomic
clock, to measure the delay or difference in the arrival time of a radio wavefront
at pairs of antennae when combined at the time of the correlation; the output
of the correlator becomes what we call the VLBI observables. In the ideal
case without errors, as shown Fig. 1, this measures the geometric delay τgeo.
That is τgeo =
−→
b .sˆ/c, where sˆ is the unit vector in the direction of the source,−→
b is the baseline vector and c is the speed of light. Astrometry is concerned
with the accurate measurement of this term, but in reality the direct measure-
ment is contaminated with delay contributions arising from instrumental and
atmospheric propagation effects. Moreover, the wide separations between the
antennas makes the stabilisation of phases difficult because the lines of sight
from each antenna pass through totally uncorrelated atmospheres (ionosphere
and troposphere). The art of astrometry is the careful identification and cor-
rection for these non-astronomical contributions, through special observational
and analytical techniques, and by using accurate geometric and atmospheric
a-priori models; that is ‘calibration’. Because these measurements are precise
to a few picoseconds VLBI has the potential to determine the celestial source
positions to micro-arcsecond (µas) level when using very long baselines, pro-
viding there is sufficient signal-to-noise ratio (SNR). For a full description
of the fundamentals of radio interferometry we recommend Thompson et al.
(2017). The individual elements of the array can be very different in character,
as indicated in Fig. 1. With the new technical capabilties now available the
elements can be comprised of: connected-arrays forming multiple tied-array
beams, large telescopes with multi-beam feeds and/or smaller telescopes with
a single pixel feed. Therefore, despite their difference in character, they can
New developments in astrometry 5
have a matching, larger, Field of View (FoV) (see the light orange cone, Fig.
1).
The majority of VLBI post-processing analysis uses self-calibration tech-
niques, which are very powerful and widely used to generate the highest spa-
tial resolution images in astronomy. Self-calibration relies on phase-closure
constraints to separate the contributions from the (baseline-based) intrinsic
source structure from all other (antenna-based) contaminating contributions
that are cancelled out in the summation around the three baselines. The lat-
ter includes the source position errors, which is therefore lost in the image
product. Special post-processing analysis techniques are therefore required to
preserve the astrometric information, whilst removing the bulk of errors from
the contaminating contributions. The conditions for astrometry with VLBI are
more stringent than those for imaging, which results in astrometric surveys
being constrained by selection effects and biases, and limited to a restricted
region of the spectrum. This paper focuses on the exciting opportunities (and
challenges) for ultra-high precision (∼µas) radio astrometric surveys with the
arrival of the next-generation instruments, planned and under construction,
from the combined power of highest sensitivity and long baselines, along with a
historic perspective of the evolution of the precision astrometric measurements
in the past 50 years.
The key lies both in the ongoing advances in the accuracy and precision
of astrometric measurements and its extended applicability to many objects.
Nowadays, 10µas high precision astrometry is achievable, for a limited range
of frequencies; this level of accuracy is approaching the potential (i.e., the ther-
mal noise level) of the observations with current instruments. The power and
potential of astrometric surveys have been demonstrated, for example with the
3-D Galactic mapping projects carried by BeSSeL (Bar and Spiral Structure
Legacy) and VERA (VLBI Exploration of Radio Astrometry). Great benefits
will be obtained from comprehensive surveys of high-accuracy radio astromet-
ric measurements, as demonstrated by the optical GAIA astrometry mission.
This of course requires that the astrometric methods for radio are robust and
widely applicable for more targets and at a wider range of frequencies; that is,
that they are not limited to carefully selected cases.
The arrival of the next-generation radio observatories, such as the Square
Kilometre Array (SKA; Braun et al. 2015) and the next-generation Very Large
Array (ngVLA; Murphy 2018), will provide a huge increase in sensitivity, by
up to several orders of magnitude, spanning the whole radio frequency band;
these observatories will participate in VLBI observations, as powerful phased-
up telescopes, in conjunction with other existing telescopes, resulting in a
dramatic increase in the sensitivity of the VLBI array. The combination of en-
hanced sensitivity and long baselines offers great benefits for astrometry, and
will result in a “breakthrough” with respect to what we can achieve today.
On one hand we will have the ability to significantly increase the astrometric
measurement accuracy, on the other, the capability to study in exquisite detail
larger samples through the inclusion of weaker objects. That is, the realistic
possibility to carry out large radio µas astrometric surveys of complete sam-
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Fig. 1 A schematic of a VLBI interferometric array, comprising diverse elements on the
ground and in space. VLBI measures the total delay in the arrival time of the signal from a
target source, along the direction sˆ, to pairs of elements that can be separated by thousands
of kilometres and form the baseline
−→
b . The dot product of the two vectors corresponds to the
geometric delay τgeo. The propagation through the turbulent tropospheric and ionospheric
components of the atmosphere introduces additional contaminating delays, as does the in-
strumentation, which need to be removed in the analysis (Sects. 3 and 5). The long baseline
allows an extremely accurate determination of sˆ. Each pair of elements output two voltages,
V1 and V2, which are multiplied and averaged in the correlator, creating a time-dependent
interferometric fringe pattern. The phase and delay from this complex correlated data prod-
uct are the fundamental VLBI observables in astrometry. The figure shows a variety in
the nature and size of the elements in a VLBI-array in the era of the next-generation of
instruments (Sect. 4). Alongside the moderate-sized single dish telescope there are the large
collecting areas provided by a massive single dish or many smaller dishes from a connected
array phased-up, and also the extremely long baselines provided by a radio telescope on a
space platform. New technologies can provide matching FoVs (light orange cones) from all of
these elements and the capability for multi-frequency observations (Sect. 7). Multiple-pixel
capabilities are illustrated by the multiple tied-array beams from the connected array and
the multiple beams from a phased array feed on the large telescope, both of which match
the wider FoV of the moderate-sized single pixel telescope. The capability for simultaneous
multi-frequency observations is indicated by the two-tone incoming wavefront. Image credit:
M.J. Rioja and R. Dodson
ples of objects, to advance the understanding of astrophysical phenomena and
classes.
The next-generation instruments bring opportunities and challenges for as-
trometry. Increased sensitivity (alone) does not result in increased astrometric
accuracy and precision in the presence of systematic errors, which often set the
ultimate limit. In order to realise the full potential from the enhanced sensitiv-
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ity with the next-generation instruments, calibration algorithms for systematic
errors must achieve the same level of refinement; that is, to mitigate the sys-
tematic residual errors to the reduced level of the thermal noise limits of the
observations. The on-going development of new calibration methods and new
technologies are breaking new ground and providing solutions to overcome the
current limitations, in particular the frequency dependent systematic errors
arising from the propagation of a wave-front through the Earth’s atmosphere,
which constitutes the dominant source of astrometric errors that limit the ap-
plicability. The distinct nature of these errors across the spectrum requires
different calibration strategies depending on the observing frequency, and this
drives the layout followed in this review. Additionally, one will have to deal
with the new sources of errors that will become significant at these reduced
thermal noise levels. The goal is that a combination of all these new develop-
ments will lead to the improvement of astrometric performance by an order
of magnitude, for a wide range of radio frequencies and for many objects with
the prospect to expand its applications into new areas of research.
Contents of this paper: The sections in this paper are organised to provide:
a common framework and description for astrometric methods; an overview of
the achievements so far, with highlights from surveys with current instruments;
and a projection into the future of radio astrometry. The imminent arrival
of new instruments and new technological and analytical developments will
enable new astrophysical applications, examples of which we describe.
Section 2 is concerned with the fundamental constraints in astrometry
and provides the framework for the characterisation and comparison of the
methods. Section 3 reviews the past progress in calibration, with established
methods. Section 4 is an overview of the next-generation instruments planned
or under construction across the radio frequency band, from the perspective
of the new astrometric opportunities offered by their extremely high sensitiv-
ity and the new science enabled. Section 5 introduces recent innovations in
methods, and enabling technologies, of interest for these next-generation in-
struments. Section 6 looks back at the evolution of the published astrometric
results and compares them to the expected systematic errors, to identify the
important advances so far. Section 7 describes key technological developments
and recent atmospheric propagation studies relevant to the next-generation
methods described above, to match the potential of the next-generation in-
struments. Section 8 is a review of a subset of astrometric surveys with exist-
ing instruments, selected to highlight the benefits of high-precision astrometry.
They are limited to publications since the review of Reid and Honma (2014).
Section 9 explores the future scientific possibilities opened by the new meth-
ods and available or planned infrastructure. Section 10 is the summary of the
review.
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2 Fundamental constraints in astrometry
We aim at reviewing the astrometric constraints, along with a focus on meth-
ods and technological developments that have contributed to significant ad-
vances in the field, as a launchpad for inferring the direction of new devel-
opments into the future. Benefits have come from increasingly stable instru-
ments, receiver and backend developments that resulted in increased sensi-
tivity through low system temperatures, wider bandwidths, frequency agility,
improved telescope networks to optimise uv-coverage and higher slew speeds
of radio telescopes.
These combined with advances in calibration methods, the increased num-
ber and frequency coverage of suitable calibrator sources, improved a-priori
knowledge of the contributions to the observables, among others, have paved
the way towards the huge expansion of the field of precise astrometry with
VLBI.
Next-generation instruments provide unprecedented sensitivity and have
the potential for an order of magnitude improvement, delivering µas astro-
metric surveys, provided the requirements for optimum astrometric calibration
methods and usability are not designed out.
2.1 Micro-arcsecond astrometry basics
The primary VLBI observables for high precision astrometry are: the interfer-
ometric phase φ, the phase difference between the signals received at a pair
of antenna, or equivalently the phase delay (the phase in radians divided by
the frequency in Hz, in seconds; τφ =
1
2pi
φ
ν ), the frequency derivative or group
delay (the rate of change of phase with frequency, in seconds; τg =
1
2pi
δφ
δν ) and
the phase time derivative (usually as delay rate in seconds/second; 12piν
δφ
δt ).
Following the standard nomenclature (e.g., Thompson et al. 2017) the resid-
ual phase values or errors, after subtracting the a-priori model contributions
from the measured values at the time of correlation or post-processing, for
observations of the target source (A) for a given baseline as a function of time
and frequency, are shown as a sum of contributions:
φA(t, ν) = φA,pos+φA,str+φA,geo+φA,tro+φA,ion+φA,inst+φA,thermal+2pin n ∈ integer
(1)
where the most relevant in astrometry is φA,pos = 2pi
−→
b .(sˆtrue − sˆmodel) / λ
arises from inadequacies in the a-priori knowledge of the source position, with
sˆtrue the unit vector in the actual direction of the source and sˆmodel is the
a-priori position used in the correlation,
−→
b is the baseline vector and λ is
the wavelength of the observing frequency ν. φA,str stands for the contribu-
tion from the structure in extended sources. These terms represent the in-
trinsic properties of the source of interest to astrometry and are mixed with
other extrinsic or contaminating contributions such as: φA,geo arising from
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model errors in the geometry of the array including the orientation of the
Earth among others, φA,tro and φA,ion arise from mismodelling of propagation
medium effects as the cosmic signal transverses the Earth’s atmosphere, due to
unpredictable refractivity variations in the troposphere and ionosphere along
the line of sight, respectively. φA,inst is due to the unaccounted instrumental
instabilities. The purpose of astrometric calibration is the identification and
elimination of these extrinsic terms. φA,thermal stands for the thermal noise
error or measurement error and is related to the sensitivity of the instrument,
setting the ultimate potential astrometric limit, with a standard deviation
given by σφA,thermal ∼ 1SNR in radians, where SNR is the signal-to-noise ratio
of the fringe detection. Finally, 2pin stands for an unknown integer number
n of 2pi phase cycles that represents the inherent ambiguous nature of the
measured phases; n can vary between observations of the same source at dif-
ferent times, and between different sources. It sets the greatest challenge for
astrometry using the phase observable.
The group delay observable is determined from the phase slope over the
discrete frequencies in the spanned observed bandwidth. A similar qualitative
description as shown in Eq. (1) applies to the residual group delay values,
but without the 2pi ambiguity term, which makes it more usable for abso-
lute position measurements. The group delay is the observable used for VLBI
geodesy and absolute astrometry. The phase delay observable is significantly
more precise than the group delay, by a factor of ν∆νeff , where ν stands for the
observing frequency, ∆νeff is related to the effective spanned (synthesised)
bandwidth (∆νrms in Thompson et al. 2017, Eq. A12.32), and is the order of
30 for ν = 8 GHz and ∆νeff = 0.3 GHz.
Using the extremely precise phase observable has the potential to reach
µas level astrometry; on the other hand the inherent ambiguous nature of
the measured phases (i.e., only known to modulo 2pi) complicates its direct
interpretation. To resolve this issue requires a sufficiently accurate a-priori
knowledge of the value of all the contributions in Eq. (1) to a small fraction
of the phase ambiguity spacings, which corresponds to the length of the ob-
serving wavelength. This is the so called “phase connection” process, which is
complicated for the long baselines of VLBI.
An approach to overcome this issue is to use a differential or relative anal-
ysis. For example, the differential observables of near-contemporaneous obser-
vations of two nearby sources on the sky, a target (T) and a reference (R),
reduces the sensitivity to the mismodelling of common contributions. Such an
observing schedule consists in general of interleaving scans between a pair of
sources for which the angular separation or switching angle and the source
switching time are significantly smaller than the isoplanatic patch size and
the atmospheric coherence time, respectively, at the observing frequency. The
coherence time is conventionally defined as the time for the phase change to
be a radian and can be very short at high frequencies.
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Following Eq. (1) the residual differential phase observable is given by:
φT (t, ν)− φR(t′, ν) = (φT,pos − φR,pos) + (φT,str − φR,str)
+(φT,geo − φR,geo + φT,tro − φR,tro + φT,ion − φR,ion + φT,inst − φR,inst)
±σφthermal + 2pi(nT − nR) nT , nR ∈ integer
where φT,geo − φR,geo ∼ 0;φT,tro − φR,tro ∼ 0;φT,ion − φR,ion ∼ 0;φT,inst −
φR,inst ∼ 0, when the conditions described above are fulfilled. In this case the
differential observable is largely free from the contaminating error contribu-
tions and therefore yields an accurate estimate of the relative or differential
astrometry between T and R, which is derived from the term φT,pos − φR,pos.
The source structure terms and the noise terms do not cancel; the former can
be estimated using self-calibration techniques and hence are not an astromet-
ric challenge, the latter, σφthermal, is the combined thermal error term. To a
first order approximation, the magnitude of the residual differential errors for
the contaminating contributions are reduced by a so called “dilution factor”
given by the pair angular separation, or switching angle, expressed in radi-
ans; additionally the switching time is relevant. Similar difference equations
can be written for both the other observables the delay and the rate, but the
phase observable has the potential to provide the most accurate astrometry
and it is the focus of this paper. Implementations of this concept are the so
called differential phase delay and phase reference imaging (or simply phase
referencing) astrometric techniques.
The main challenge of differential astrometry is to connect the phases and
resolve the ambiguity issue for each source, baseline and time. This has been
successfully achieved using two approaches: phase-delay fitting (e.g., Wittels
1975; Shapiro et al. 1979; Marcaide and Shapiro 1984; Bartel et al. 1986) and
phase reference mapping (e.g., Alef 1988; Lestrade et al. 1990). The former
uses an iterative process to determine the value of ∆n between consecutive
measurements of the phase for both sources using the individual and differ-
ential observables; this is followed by a least-squares fit of the unambiguous
differential phase delays to measure the relative source separation (Robertson
1975). The latter does not explicitly determine the ∆n integer for the target
source, but instead uses a Fourier transform of the differential observable to
form an image, where the shift in the position of the peak intensity of the
source with respect to the centre of the image directly conveys the relative
astrometric information in φT,pos−φR,pos or δθ. In general, the residual rates
are used for the phase connection between consecutive measurements of the
reference source and to interpolate the value to the time of the target source.
The approaches of phase-delay fitting or phase-referenced mapping are equiv-
alent, albeit with some differences as described in the next section; they have
been evolving since first proposed but without changing their essence. In this
paper we refer to both methods as conventional phase referencing or simply
PR.
In the last 45+ years there have been steady incremental improvements
of phase-based relative astrometry. Important steps forward have come from:
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i) improved instrumental stability and sensitivity, ii) longer baselines, iii) im-
proved a-priori models applied to both target and reference data, vi) advanced
calibration strategies to mitigate the propagation of “contaminating” residual
errors into astrometric errors at different frequency regimes, and vii) improved
astrometric VLBI calibrator catalogues.
The low frequency regime has lagged behind, but have had a renaissance
with the arrival of the next-generation instruments such as the SKA. We fore-
see a new era for astrometry with the combined power from the next-generation
instruments and breakthrough technologies planned and under construction,
and new calibration algorithms.
We highlight that innovative recent calibration developments have come
from extending the concept of a ‘reference’ beyond observations of another
source, as in established methods. Therefore we use a generalised expression
for the differential phase observable, as a linear combination of the target and
reference observables, where the latter can comprise observations of the same
target source or another, or multiple other sources, at the same frequency as
the target (νT ) or at a different frequency (νR), or a combination of these
strategies:
φT (t, νT )−R×φR(t′, νR) = (φT,pos−R×φR,pos)±σφcal±σφthermal+2pi(nT−RnR)
(2)
where (φT,pos −R× φR,pos) retains the relative astrometry information of in-
terest, with R a real linear scale factor for the reference phases. R is method
dependent, for example it is equal to 1 for PR, or to the frequency ratio for
frequency phase transfer. σφcal stands for the combined residual differential
phase errors from mismodelling of the contaminating contributions (hereafter
calibration errors) for a given calibration method. The other terms are as be-
fore. Residual contributions from atmospheric mismodelling are the dominant
source of calibration errors and limit the accuracy of the astrometric mea-
surements (i.e., in general one is in the systematic error limited regime); their
magnitude is quantified next. Errors in the a-priori geometric parameters, such
as in telescope and reference source coordinates, Earth orientation parameters
etc., usually have a lesser effect, thanks to improvements from VLBI geodetic
observations; all of these are usually larger than the instrumental contribu-
tion, due to modern stable electronic systems and maser clocks. In an ideal
calibration scenario σφcal ∼ 0 and σφthermal sets the ultimate limit in the
astrometric accuracy (i.e., one is in the thermal noise limited regime). The
structure terms φT,str and φR,str can be estimated from the images and are
excluded from Eq. (2) to simplify the presentation. Nevertheless, see Sect. 2.2
on the stability of reference points for details on some considerations.
Asaki et al. (2007) presented semi-analytic expressions to estimate the mag-
nitude of residual propagation effects for conventional PR from unaccounted
refractivity changes over time and space (dynamic and static, respectively) in
the troposphere and the ionosphere; we find the latter the most complete de-
scription of the various similar investigations (e.g., Pradel et al. 2006; Honma
et al. 2008). These are the dominant contributions to σφcal. We will use a
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modified version of those to estimate the calibration errors using different as-
trometric techniques presented in the next sections. The errors comprise of
dynamic (or rapidly varying) components (hereafter σφcaldyn,tro and σφ
cal
dyn,ion)
arising from short term fluctuations in the distribution of water vapour (the
“wet” component) in the troposphere and of the total electron content (TEC,
measured in TEC Units where 1 TECU = 1016el/m2) in the ionosphere, along
the line of sight of the observations, respectively. These introduce random fluc-
tuations with zero mean. The static (or slowly varying) components (hereafter
σφcalsta,tro and σφ
cal
sta,ion) arise from relatively stable contributions predominately
from the hydrostatic (“dry”) components in the troposphere, and the TEC in
the ionosphere, respectively. Eq. (3) is a modified version of those in Asaki
et al. (2007), adjusted to 8 GHz and for ground to ground baselines (i.e.,
scaling by 5.4 and multiplying by
√
2, respectively), in units of degrees:
σφcalsta,tro(ν) = 20.0(ν/8GHz)(∆`z/3cm)(∆θtro/2
◦)
× (sec(Zg)/ sec(45◦))(tan(Zg)/ tan(45◦))
σφcalsta,ion(ν) = 20.5(ν/8GHz)
−1(∆I/6TECU)(∆θion/2◦)
× (sec(ZF )/ sec(41◦))(tan(ZF )/ tan(41◦))
σφcaldyn,tro(ν) = 7.1Cw(ν/8GHz)(sec(Zg)/ sec(45
◦))1/2
× [Tswt,tro/60s+ 0.16(sec(Zg)/ sec(45◦))(∆θtro/2◦)]5/6
σφcaldyn,ion(ν) = 3.5(ν/8GHz)
−1(sec(Zi)/ sec(43◦))1/2
× [0.21(Tswt,ion/60s) + (sec(Zi)/ sec(43◦))(∆θion/2◦)]5/6
(3)
where ν is the observing frequency in GHz, Zg is the mean zenith angle for
the two sources in degrees at the ground level for a terrestrial telescope, Zi
and ZF are the zenith angles at the ionosphere piercing points, for the bottom
(∼300 km) and the peak (∼450 km) of the F-layer, respectively. ∆`z is the
residual tropospheric zenith excess path length in cm and ∆I is the residual
total electron content (TEC) in TECU in the zenith direction at the iono-
sphere piercing point. ∆I can be expressed as a frequency dependent excess
path length, in cm, as 40.3∆I ν−2 with ∆I in TECU and ν in GHz. Cw is
a unitless factor to characterise tropospheric conditions (with values of 1, 2
or 4 for good, normal and poor). Some parameters are specific to the cal-
ibration strategy: ∆θtro and ∆θion are the angular separations, between T
and R, relevant for the mitigation of the spatial structure of the tropospheric
and ionospheric disturbances, respectively, in degrees; Tswt,tro and Tswt,ion are
the equivalent in the temporal domain, corresponding to the switching time
between interleaving observations of T and R, respectively, in seconds.
For example, typical values for ∆`z and ∆I, after calibration solely using
ground based measurements for water vapour and GPS-derived TEC correc-
tions, are 3–5 cm and 6–10 TECU, respectively.
Inspection of Eq. (3) leads to several immediate conclusions for the contri-
butions to calibration errors in conventional PR:
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– That the tropospheric residual errors scale with frequency and the iono-
spheric contributions scale with wavelength.
– That the balance between tropospheric and ionospheric calibration errors
falls around 8 GHz
– That the smaller the angular separation (∆θ) between T and R the smaller
are all the phase errors.
– That the faster the switching time (Tswt) between T and R the smaller the
dynamic errors.
– That the static terms, all other contributions being nominal, are the most
significant for astrometry.
– That the static tropospheric phase errors scale linearly with the residual
path length (∆`z).
– That the static ionospheric phase errors scale linearly with the residual
TEC (∆I).
– That the errors grow very large at low elevations, particularly for the tro-
posphere.1
– That, for the tropospheric dynamical terms, the errors related to switching
time dominate those related to the angular separation.
– That, for the ionospheric dynamical terms, the errors related to the angular
separation dominate those related to the switching time.
Expressions for the calibration errors arising from the geometrical model
are presented in Asaki et al. (2007); Shapiro et al. (1979); Reid and Honma
(2014) and other publications and are functionally similar to the static tro-
posphere, but of a smaller scale. The consequences of errors in the reference
source position are discussed, for phase reference mapping, in Reid and Honma
(2014, Sec. 5.4); to avoid the second-order effects the absolute position of the
reference source should be known to better than 10 mas.
Finally we discuss the impact of the calibration errors onto the accuracy
of the astrometric measurements or astrometric errors. It is intuitively easy
to understand that the propagation onto astrometric errors (σ∆θcal) will vary
depending on the nature of the calibration errors, as well as the array geometry.
For example, the dynamic components introduce random fluctuations with
zero mean and average away rapidly. Therefore, if they are not large enough
to prevent phase connection, these do not introduce systematic bias in the
astrometric measurements. The static components, however, introduce long-
term phase gradients above a telescope, which will not average out over the
experiment and would propagate into a position error in the image (without
loss in the peak flux, if coherent across the array); therefore they are the
most important astrometric error contribution. Both components would lead
to degraded image quality, with the fractional flux ratio (FFR) being e−σΦ
2/2
(Thompson et al. 2017), where σΦ is the standard deviation of the phase errors.
Here, we follow a simple approach to estimate the systematic astrometric
error for a single epoch of observations: σ∆θcal ≈ σφcalsta[deg]360◦ θbeam, or equiva-
1 Compare Figs. 13.6 and 14.3 in Thompson et al. (2017) for the difference between the
dependence of the troposphere and the ionosphere.
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lently ≈ ∆`|b| secZ tanZ∆θ, where |b| is the maximum baseline length, θbeam
is the synthesised beam size, Z is the mean Zenith angle, and σφcalsta and ∆`
correspond to adding in quadrature the residual error terms arising from static
tropospheric and ionospheric disturbances for the phase and excess pathlength,
respectively. This simple expression assumes that ∆θ is common for all contri-
butions; in PR this corresponds to the angular separation between the target
and the calibrator sources. Smaller contributions from geometric errors and
thermal noise (σ∆θthermal; see next section) will also contribute. The simple
approximation used here is acceptable for observations with moderate zenith
angles with most arrays. A complete characterisation of the astrometric error
propagation requires detailed analysis using simulation studies, such as carried
out in Pradel et al. (2006); Asaki et al. (2007) or Honma et al. (2008), to cor-
rectly account for the impact of the array configuration and source declination,
among other considerations.
In Sects. 3 and 5 we review the differential astrometric methods, with
emphasis on the relevant aspects to reduce the dominant errors and scope
of application in each case. We use Eq. (3) to estimate the phase errors and
the astrometric errors as described above to characterise and compare the
expected performance of the different methods.
2.2 Definition and stability of fiducial reference points
Astrometry involves the identification of reference points within the source
images to which the measurements are referred. Obviously a fixed compact
calibrator source provides a solid fiducial point for tracking changes of the
target position and facilitates the interpretation in multi-epoch observations;
the radio core components of AGNs (QSOs) at high red shifts are good can-
didates to provide such points in the sky, as suggested by the standard theory
of extragalactic radio sources (Blandford and Ko¨nigl 1979) and supported by
measurements of the stringent upper limits on the stability of AGN cores of a
few µas yr−1.
The temporal stability and uncertainties in the definition of the reference
points (within the target and calibrator source images) are expected to be-
come the next dominant source of astrometric errors, once tropospheric and
ionospheric effects are precisely calibrated out, particularly in observations at
low frequencies. The position measurement uncertainty in an image due to
thermal noise is given by σ∆θthermal ≈ θbeam/(1.2 DR) where DR is the Dy-
namic Range: the ratio of the flux density at the position of the reference point
to the Root Mean Squared (RMS) noise in the maps (Condon et al. 1998). It
represents the lower bound of the astrometric error; higher resolution (from
observations at higher frequencies and with longer baselines) and higher DR
(from higher source flux and higher array sensitivity) result in smaller thermal
errors. Larger errors are expected to be related to the effects from underly-
ing source structure and variability, which can introduce temporal changes in
the physical conditions at the base of the jet resulting in intrinsic changes
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in the position of the core, defined as the region where the optical depth is
equal to unity; this effect is known as core-jitter. Moreover, even in the case
of a true stationary core, apparent position shifts can arise, for example, from
structural changes on scales below the interferometer resolution near the ref-
erence point caused, for example, by the ejection of new components at the
base of the jet; these are called structure-blending effects. The magnitude of
the apparent shifts can depend on the resolution and is expected to change
between multi-epoch observations, following the direction of the source axis.
Related structure-blending effects must be considered in any comparison be-
tween observations at very different resolutions of sources with asymmetrical
source structure, even in the absence of any structural changes. We call these
extrinsic effects, to differentiate from intrinsic position changes. Observations
at higher frequencies and with higher angular resolutions are less vulnerable
to this effect; also, these can indicate the onset of the occurrence of this at
lower frequencies, where the effects will be larger. In all cases, using multiple
background calibrator sources can help identify unsuitable calibrators.
Examples of detailed studies on the stability of the reference points in
AGNs are presented in Rioja and Porcas (2000), with upper limits to secular
trends (“core motion”) along the source axis for quasars 1038+528 A and
B ≤5µas yr−1 and deviations (i.e., core jitter) <20µas, from 4 epochs of
observations spanning 14 years, at 8 GHz. Similar limits were found by Bartel
et al. (1986) between 3C345 and NRAO0512 from 12 epochs over nine years
and Fomalont et al. (2011) in the relative positions between multiple pairs of
quasars in observations spanning one year, at 43 and 23 GHz.
Image quality is important for astrometry and observations should be de-
signed to optimise both source structure and position information. While the
improved quality in the measured brightness distributions of sources with next-
generation instruments is expected to partially alleviate this effect, careful
strategies to mitigate this source of systematic error are mandatory, partic-
ularly for high DR observations, i.e., VLBI with SKA; for example, incorpo-
rating extra calibrators to allow for cross-checks and considerations of the uv-
coverage to recover the source structure. The requirements on the precision of
the amplitude calibration required to achieve a DR of 1000:1 are under study,
but will undoubtedly have a significant effect at these levels of sensitivity.
2.3 Absolute radio astrometry catalogues and weak reference source searches
For differential astrometry applications a calibrator list with accurate posi-
tions of extragalactic radio sources is fundamental and should comprise of a
dense grid of sources for all directions and at all frequencies. The most compre-
hensive catalogue available to date is the third realisation of the International
Celestial Reference Frame, ICRF3 (Charlot et al. 2020), adopted by the IAU
in August 2018. ICRF3 is the first multi-frequency reference frame ever re-
alised, comprising positions for 4536 sources at S/X band (2.3/8.4 GHz), 824
sources at K band (24 GHz) and 678 sources at X/Ka band (8.4/32 GHz),
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where 600 sources have positions available at all three datasets. These posi-
tions have been estimated independently at each of the frequencies in order
to preserve the underlying astrophysical content behind such positions. The
ICRF3 frame shows median positional errors of the order of 100µas in right
ascension and 200µas in declination, with a noise floor of 30µas in the indi-
vidual source coordinates. Since 1994 the VLBA has carried out a sequence
of calibrator surveys (VCS-1 to 10) that have provided a more dense grid of
calibrator sources at declinations > −45◦ (e.g., Petrov et al. 2008 and refer-
ences therein; Petrov 2016). More recently the LBA has performed calibrator
surveys for the Southern hemisphere (LCS-1 and 2) (Petrov et al. 2019a, and
references therein). These surveys increase the number of known calibrators to
16,466, which can be compared against the number in the ICRF3 catalogue.
Note that the ICRF sources have significantly more accurate positions, as
they have been regularly monitored for many years; errors in the coordinates
of reference sources propagate into astrometric errors.
At the higher frequencies, a Korean VLBI Network (KVN) Legacy pro-
gram, the Multi-frequency AGN Survey on KVN (MASK), will greatly in-
crease the number of known VLBI calibrators at the highest frequencies. The
only previous large high-frequency VLBI surveys were Lee et al. (2008) and
Nair et al. (2019), which give a total of 162 detections on VLBI baselines at
86GHz. MASK uses the calibration solutions at the lowest frequencies to ex-
tend the coherence-time at the highest frequencies. Data release of the MASK
results are expected shortly, and over 600 sources are currently detected at
86 GHz and about half of that number at 130 GHz.
Having a very close calibrator has great benefits but the probability for
finding a known reference less than a degree away from the target is still low.
Calibrators that can be observed simultaneously with the target are known as
‘in-beam’ calibrators and the benefits from these can be sufficient that it is
worthwhile searching for a previously unknown VLBI source. There are cali-
brator search strategies for when a suitable catalogued calibrator sufficiently
close can not be found. An effective one is to observe in the direction of the tar-
get source but cross-correlate the data for the positions of all suitable compact,
flat or steep spectrum sources that fall within the FoV of the telescope. In the
past this required multiple passes through the correlator, changing the coordi-
nates of the individual pointing centres, thus had a significant impact on the
processing time and no more than a few pointings would ever be provided. The
breakthrough came with the software correlator DiFX-2 (Deller et al. 2011),
which could form multiple phase centres at the first averaging stage on the
intermediate data products. This massively reduced the computational cost,
and DiFX-2 has been used to correlate hundreds of individual phase centres
from a single experiment (e.g., 556 phase centres in the Orion Star Forming
Region, Forbrich et al. (2020, submitted)). Recently LOw Frequency ARray
(LOFAR) long-baseline studies have proposed strategies to find suitable com-
pact calibrators for hither-to unexplored low frequency ranges (see Moldo´n
et al. 2015; Jackson et al. 2016). They find the source density to be about 1
suitable source per sq. deg. at 150 MHz.
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3 Established precise astrometric calibration methods
Table 1 Indicative temporal sequence of source/frequency scans in observing schedules, for
implementation of some of the astrometric techniques discussed in Sects. 3 and 5. Conven-
tional phase referencing (PR) with source switching, in-beam PR with simultaneous source
observations, Advanced Tropospheric Calibration with Geodetic blocks (ATC), MultiView
(here with source switching but could also be simultaneous), SFPR with two sources (here
with simultaneous multi-frequency observations but could also be with fast frequency switch-
ing) and MFPR, here with simultaneous multi-frequency observations and ICE-blocks, using
only the target source. ‘P, R, T ’ are the scans on the primary calibrator, reference and target
sources, respectively; ‘G’ stands for the GeoBlocks. ‘–’ represents frequency switching, ‘· · · ’
represents source switching and one over the other represents simultaneous source/frequency
observations. Multiple calibrators combined in the analysis with different weights is repre-
sented by Σiαi, where αi are real values. Different frequencies ν are indicated by the
subscripts R and T for reference and target frequencies respectively, and i, j and k for the
ICE-block calibration.
PR P · · ·R · · ·T · · ·R · · ·T · · ·R · · ·T · · ·R · · ·
In-beam PR P · · · R
T
R
T
R
T
R
T
R
T
R
T
· · ·
ATC P · · ·R · · ·T · · ·R · · ·G · · ·R · · ·T · · ·R · · ·
MultiView P · · ·ΣiαiRi · · ·T · · ·ΣiαiRi · · ·T · · ·ΣiαiRi · · ·
SFPR P · · ·T ( νR
νT
) · · ·R( νR
νT
) · · ·T ( νR
νT
) · · ·R( νR
νT
) · · ·
MFPR P · · ·T ( νR
νT
)− T (νi − νj − νk)− T ( νRνT ) · · ·
3.1 Conventional PR astrometry
The standard approach for phase-based astrometric measurements of a pro-
gram source (A) consists of using interleaving observations of a nearby calibra-
tor source (B), which is separated up to a few degrees, at the same observing
frequency, ν. This approach has been used since the beginnings of phase-based
differential or relative astrometry in the 1970s; here we refer to it as conven-
tional relative astrometry (or conventional PR, or simply PR). See Table 1 for
an indicative observing schedule.
Following Eq. (2) for the differential phase observables, with R=1 and
νR = νT = ν, the PR-calibrated dataset is given by:
φT−RφR = φA(t1, ν)−φB(t2, ν) = (φA,pos−φB,pos)±σφPR±σφthermal+2pi∆n ∆n ∈ integer
where the indexes A and B refer to the two sources; (φA,pos − φB,pos) is the
astrometric term of interest, for a precise measurement of the angular separa-
tion between both sources at the observing frequency ν and σφPR stands for
the conventional PR calibration errors.
Note that, in general, the observations of A and B are carried out at differ-
ent times and along different lines of sight. The source switching interval (Tswt)
and pair switching angle (∆θAB) are crucial parameters to determine the qual-
ity of the compensation of the temporal and spatial structure of the residual
errors in the term σφPR, respectively. A careful planning of the observations
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is the first step towards improving the astrometric accuracy, by prioritising
the compensation of the dominant errors at the observing frequency: fast tro-
pospheric fluctuations in the high frequency regime (i.e., with short Tswt) and
ionospheric spatial gradients above the antennas in the low frequency regime
(i.e., with small ∆θAB). In practise, the best outcome comes from taking both
considerations into account.
The magnitude of the dominant contributions to σφPR are given by Eq. (3)
using Tswt,tro = Tswt,ion = Tswt and ∆θtro = ∆θion = ∆θAB . The resultant
astrometric error σ∆θAB for the high and low frequency regimes, using the
approximation as described in Sect. 2.1, are given by:
[σ∆θAB ]
2 ∼ [∆`z|b| secZg tanZg∆θAB ]
2 + [Oion(
∆`I
|b|ν2 , ∆θAB)]
2 + [Ogeo(∆θAB)]
2 + [σ∆θthermal]
2; ν > 8GHz
[σ∆θAB ]
2 ∼ [ ∆`I|b|ν2 secZF tanZF∆θAB ]
2 + [Otro(
∆`z
|b| , ∆θAB)]
2 + [Ogeo(∆θAB)]
2 + [σ∆θthermal]
2; ν < 8GHz
where ∆`I is the residual ionospheric excess path length at 1 GHz equal to
40.3∆I cm (Sovers et al. 1998), which corresponds to 2.4 m for the typical
value of ∆I=6 TECU. Terms in O() represent smaller contributions. Then,
for example, for |b|=6,000 km, Z ∼40◦, atmospheric errors of ∆`z ∼5 cm
and ∆I=6 TECU gives astrometric accuracy σ∆θAB ∼30µas per degree of
pair angular separation (hereafter µas/deg), for strong sources, at ν >8GHz.
Note that the (astrometric) accuracy is frequency independent in the high fre-
quency regime, being dominated by non-dispersive tropospheric fluctuations.
Instead, in the low frequency regime it is frequency dependent as a conse-
quence of the dominant dispersive ionospheric fluctuations. With the param-
eters as above, σ∆θAB ∼63µas/deg and 800µas/deg at 5GHz and 1.4 GHz,
respectively. Smaller contributions from the thermal noise astrometric errors
amount ≤10µas at ν ≥ 10 GHz and ∼20µas and ∼100µas at 5 and 1.4 GHz
(L-band), respectively, for DR 100:1.
The current scope of application of PR is in the moderate frequency regime
from ∼ 1.4 and up to 43 GHz (with the single unique exception at 86 GHz,
Porcas and Rioja 2002), albeit with a rapidly deteriorating performance and
usability towards the edges, particularly in the low frequency regime. The
upper frequency limit is imposed by the increasingly fast tropospheric fluc-
tuations and the mechanical limitations of the telescopes to perform source
switching within the short coherence times, along with sensitivity consider-
ations and scarcity of calibrators. The lower frequency limit arises from the
increasingly large spatial ionospheric disturbances, which result in very large
calibration errors.
Our definition of PR applies to both phase reference mapping and dif-
ferential phase delay astrometry techniques. Rioja and Porcas (2000) made
a detailed comparison of these approaches and showed that the two methods
produce equivalent results, albeit there are differences between them. Differen-
tial phase delay astrometry requires direct detection of both sources, which are
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then modelled using a least-squares-fitting procedure to determine the source
coordinates, and possibly also other parameters used in the a-priori models,
which in principle allows for larger angular separations. In phase-reference
mapping it is sufficient to detect one of the two sources, therefore it is also
applicable for imaging sources too weak for self-calibration. The Fourier trans-
form approach determines the source coordinates only, but has the advantage
of being very easy to use and therefore has been very widely applied. Both
methods have evolved since their first implementations e.g., VLBI3 (Robertson
1975) to UVPAP (Mart´ı-Vidal et al. 2008) for differential phase delay astrome-
try and SPRINT (Lestrade et al. 1990) to AIPS (Greisen 2003), VEDA (VEra
Data Analyzer Nagayama et al. 2020) or now VLBI-capable CASA (van Be-
mmel et al. 2018), for phase reference mapping.
Improved instrumental backends and clock stability, rapid switching and
settling capabilities and massively increased receiver bandwidths and record-
ing rates (i.e., sensitivity), improved the probability of finding a close calibra-
tor and reducing ∆θAB and Tswt; the primary calibration mechanism in PR.
Furthermore the more complete astrometric catalogues, improved geometric
parameters (station coordinates, reference source coordinates, EOP, UT1 and
so on) and tropospheric and ionospheric modelling have led to an overall im-
provement in the astrometric performance, but not any conceptual change
from that in its inception (e.g., Shapiro et al. 1979; Alef 1988).
Further improvements have come from dedicated engineering solutions,
such as the dual-beam system of VERA that allows for simultaneous obser-
vations of pairs of sources up to 2.2◦ apart, i.e., Tswt=0. Looking ahead, the
increased sensitivity with the next-generation instruments and arrival of inno-
vative technologies to extend the FoV of large single telescopes and arrays and
superior frequency agility will result in even better performance. The over-
all astrometric performance can be improved using advanced strategies and
instruments that enable them, as discussed in the following sections.
3.2 In-beam PR astrometry
In-beam PR astrometric VLBI refers to a particularly favourable configura-
tion of conventional PR where the target and the calibrator sources lie within
the primary beam of the telescopes (hence the name “in-beam”) and can
be observed simultaneously. See Table 1 for an indicative observing schedule.
This configuration results in a superior error compensation, as a result of small
∆θAB . For extremely close sources, the differential analysis can reach the ther-
mal noise limit, σ∆θthermal and results in µas astrometry. The first demonstra-
tions of in-beam PR astrometry with µas-level systematic errors at ∼8 GHz,
and few tens of µas at ∼2 GHz, date from the 1980’s using 1058+328A/B, a
pair of sources 33′′ apart (Marcaide and Shapiro 1984; Rioja 1993; Rioja et al.
1997a).
The considerations for in-beam PR astrometry are largely unchanged since
then, but the prospects for in-beam PR, particularly at low frequencies, have
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improved because the probabilities for finding suitable in-beam calibrators in
the direction of a target of interest have increased significantly. This is a result
of observations with higher sensitivity, advances in (weak) calibrator search
methods (see Sect. 2.3) and multi-stage analysis using weak nearby calibra-
tors (Fomalont et al. 1999). Currently it is regularly possible to find a suitable
calibrator source within the FoV of the 25-m VLBA dishes at 1.4 GHz (i.e.,
∼30′) in any arbitrary direction (e.g., in Deller et al. (2019) the minimum
calibrator flux density was 5 mJy.) This has had a significant impact, particu-
larly in the low frequency regime, where PR astrometry has very large errors
(∼1 mas/deg at L-band). At L-band a nominal goal of 100µas per epoch (or
equivalent differential delay errors ∼3 mm) can be achieved with a reference
source ≤10′ away from the target, following Eq. (3) for the systematic resid-
ual ionospheric errors. This would match the typical thermal astrometric limits
with current instruments assuming a DR of 100:1.
However the larger uncertainties in the absolute coordinates of weak ref-
erence sources is a consideration for the astrometric accuracy and should be
taken into account. In science cases that rely on the changes in the sky position
of the target across multi-epoch observations (i.e., parallax, proper motion)
these uncertainties introduce a constant offset and so are of little relevance.
In all cases, for the astrometric error budget one has to take into account
the increased thermal noise errors arising from weak sources, along with the
systematic residual errors.
In-beam PR astrometry is suitable at any frequency, although the proba-
bility of finding a calibrator within the smaller FoV of the telescope at higher
frequencies, and shorter coherence times, becomes very low. Table 2 lists the
number of sources one would expect to find within the FoV of a 20m radio
telescope, with the sensitivity levels of current instruments (Col. 6) and SKA
(Col. 8), for a range of frequencies. Therefore at high frequencies >8 GHz even
with SKA Phase-2 or ngVLA, the usability of in-beam PR continues to be
extremely limited and unless one is lucky, one would have to slew between the
source pair, even with next-generation instruments.
If the target and calibrator sources can be co-observed there is no source
switching and one would assume that Tswt would be zero, nevertheless we
note that this term also encompasses the solution interval on the calibrator.
In-beam calibrators tend to be weaker, the thermal limits dominate the error
budget and Tswt becomes the calibration solution interval.
The ideal instrumental requirements to benefit from in-beam PR are high
sensitivity, such as provided by large powerful telescopes, and wide FoV, such
as provided by small telescopes. This contradiction can be addressed with
new technology developments to enlarge the FoV, e.g. using receivers with
multiple-pixel capabilities (such as PAFs or multi-beam feeds) on large single
telescopes, and the capabilities for multiple tied-array beams in the directions
of nearby sources with antenna arrays, as shown in Fig. 1. These are discussed
later in Sect. 7.
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Table 2 Table to characterise the performance of MultiView and its feasibility for current
and next-generation instruments, across the spectrum. Col. 1 is the observing frequency,
Col. 2 is the spatial resolution for a 6,000km baseline. Col. 3 is the estimated systematic
astrometric error using MultiView, as discussed in Sect. 7.2.4. Col. 4 is the required DR for
a matching thermal-noise astrometric error (σ∆θthermal). Col. 5 lists the source fluxes that
are 100 times the 1 hour image sensitivity with current VLBI arrays (derived from EVNCalc
with bandwidths of 16MHz at ν < 1 GHz, 128MHz at 1.6 GHz, otherwise 256MHz). We use
DR 100:1 as it is a typical value with current instruments. Col. 6 is the number of sources,
with fluxes larger than Col. 5, expected within the FoV of a single pixel 20m antenna if
FoV ≤1◦, otherwise 1◦ (marked with †), using the parameterisation from Bonaldi et al.
(2019). Col. 7 lists the source flux that is the matching DR value (Col. 4) times the 1 hour
image sensitivity with SKA-VLBI Phase-1 (taken from Garcia Miro (2019) for the full array
combined, 256MHz for SKA1-Low, 2GHz for SKA1-Mid). Col. 8 is the number of sources,
with fluxes larger than Col. 7, expected within the FoV of a single pixel 20m antenna if FoV
≤1◦, otherwise 1◦(marked with †). For the higher frequencies we also included in brackets
the number of in-beam sources that could be expected for SKA-Phase 2. The number of
in-beam sources for ngVLA observations would fall between these two values. Based on Col.
6 and 8, in-beam MultiView would be feasible at frequencies <1.4, <2 and <6.7 GHz, with
the sensitivities of current VLBI, SKA-VLBI Phase 1 and Phase 2, respectively, and with
switched MultiView at higher frequencies. Therefore the astrometric performance can be
significantly improved with the next-generation instruments and MultiView, reaching the
MultiView astrometric precision in Col. 3.
Frequency Resolution MV error Matching ∆Icurrent,1hm No. of ∆I
SKA,1h
m No. of
ν θbeam σ∆θ
MV DR ×100 in-beam × DR in-beam
(GHz) (mas) (µas) (mJy/beam) sources (mJy/beam) sources
0.3 34 150 230 120 1.2† 5.1 14†
0.9 11 17 674 20 3.5 3.1 15
1.6 6.4 6 >1000 4.9 2.9 2.1 5.5
5.0 2.1 ∼1 >1000 2.3 0.4 2.4 0.4 (6)
8.0 1.3 ∼1 >1000 3.6 0.1 2.6 0.1 (2)
15.0 0.7 ∼1 687 6.0 0.0 3.0 0.0 (0.4)
3.2.1 Stacking to increase SNR
Hybrid Double Mapping (HDM) (Rioja and Porcas 2000) is an alternative
astrometric path to in-beam PR, where the signals from both sources are
combined or stacked into a single hybrid dataset to increase the SNR; hence
this is an advanced strategy of interest for weak sources. In HDM the hybrid
dataset preserves the signature of the relative (astrometric) separation of the
source pair, which can be measured directly from the compound-image pro-
duced using self-calibration algorithms to solve for the common antenna based
phase and phase derivative residual errors. HDM was demonstrated for a close
pair of sources, 33′′ apart, using the point-by-point sum of the reference and
target source visibilities, at 8.4 GHz, and the results agreed with those from
in-beam PR. A more recent demonstration, performed in the low frequency
regime, is Multi-Source Self-Calibration (MSSC) (Radcliffe et al. 2016) that
combines the signals from multiple weak targets that lie within the FoV, to in-
crease the SNR and allow self-calibration. In this case the relative astrometry
is preserved between the ensemble of sources, as long as direction-dependent
effects are not significant.
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3.3 Advanced PR calibration strategies
Atmospheric effects are one of the most poorly understood components in the
a priori theoretical model of VLBI observables, and are the dominant source of
astrometric errors. This section is concerned with ‘advanced’ strategies to im-
prove the tropospheric and ionospheric modelling (i.e., reduce typical a priori
model errors ∆`z and ∆I in Eq. (3)). Improved model values in PR result
in equivalent benefits to using a smaller ∆θAB , that is achieving higher as-
trometric accuracy, but with widely separated sources. We dub this approach
advanced PR astrometric techniques. Because the nature of tropospheric and
ionospheric effects are very different, the advanced strategies are specific for
application in the high and low frequency regimes. We refer to these as Ad-
vanced Tropospheric and Ionospheric Calibration strategies (ATC and AIC,
respectively). These comprise using either dedicated blocks inserted during the
VLBI observations, the program data itself or external measurements from an
independent technique.
Huge strides have been taken in the last two decades, particularly at the
higher frequencies. ATC strategies can reduce typical tropospheric errors for
∆`z from several cm to the level of ∼1 cm. These tropospheric strategies fail
at lower frequencies (≤8 GHz) where the dispersive ionosphere is the domi-
nant contribution. The ionospheric disturbances have a high degree of spatial
structure, which is responsible for the direction-dependent calibration errors
and can not be accurately modelled with a single global value at the Zenith
of the telescope. GPS-based TEC global models have errors of about ∼10-
20% (e.g., Herna´ndez-Pajares et al. 2009), or typical nominal residual errors
of ∆I ∼6 TECU (Walker and Chatterjee 1999). Such ∆I correspond to an ex-
cess path error of 1 m at 1.5 GHz, which is a hundred-fold larger than the best
tropospheric residual errors, and scales as ν−2. The AIC strategies improve the
∆I estimate for the line of sight. Here we discuss advanced strategies which
can reduce ∆I to ∼0.1 TECU.
3.3.1 Advanced Tropospheric Calibration methods
Dedicated tropospheric blocks: The “GeoBlocks” method (Brunthaler
et al. 2005; Reid et al. 2009) uses dedicated blocks of observations (∼30 min-
utes long, scheduled every 3-4 hours) interleaved with the program observa-
tions to improve the a-priori value of the tropospheric model. See Table 1
for an indicative observing schedule. The GeoBlocks comprise observations of
multiple ICRF sources following a geodetic-like schedule and analysis. That
is, strong sources are selected which cover a wide range of Zenith angles, and
are observed in short scans in rapid succession with wide bandwidths. The
derived group delays are used to solve for the Zenith path length error plus
clock errors, for each station. These estimates, mapped to the corresponding
elevations, are used to remove the tropospheric static component from the
program observations and the differential observables.
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Such an approach can reduce the value of tropospheric zenith delay residual
errors to ∆`z ∼ 1cm, which leads to 10µas/deg relative astrometric errors
at moderate antenna elevations (i.e., Z ∼45◦ and above). Nevertheless, the
differential residual errors at low elevations, amplified by the secZ tanZ term
in Eq. (3), can become very large. For example, at a zenith angle Z ∼60◦ the
systematic errors are eight times larger than those at Z ∼45◦, which leads to
80µas/deg relative astrometric errors.
Due to the relative simplicity of the implementation of the GeoBlock strat-
egy, and its versatility and universal application, this approach has led to
a significant expansion and has had a major impact in the field of precise
astrometry at frequencies around ∼22 GHz, spreading the application of as-
trometry to many diverse fields (see the references in Reid and Honma 2014).
The GeoBlocks superseded earlier approaches by the same team (Reid et al.
1999) that fitted the residual differential phases of the program observations
to correct for a tropospheric zenith delay error per station; this method re-
quired strong program sources and the estimates, using a single pair of sources,
were less precise. Other approaches comparable to GeoBlocks involve using an
image optimisation algorithm, simultaneous tropospheric measurements from
co-located GPS receivers (see the comparative study in Honma et al. 2008) or
Water Vapour Radiometer (WVR) systems (Roy et al. 2006).
Xu et al. (2018) showed the benefits from the combined use of the methods
above, compared to outcomes from each individual method, when applied to
challenging low elevation observations. We highlight the GeoBlocks and image
optimisation calibration strategies for their widespread usage on many targets
over a wide scope of research, and as drivers of astrometric surveys, i.e., the
VLBA BeSSeL and VERA Key Science Program (KSP) projects, respectively.
Residual Minimisation of Program Observations: The differential phase
delay astrometry method uses a least squares fitting of the program observa-
tions to estimate the astrometric source coordinate parameters, that can also
include fitting of the residual tropospheric zenith path length per telescope,
among other parameters.
The University of Valencia Precision Astrometry Package (UVPAP) soft-
ware is an upgraded version of the VLBI3 program (Robertson 1975), which
incorporates new capabilities such as a more robust automatic algorithm to
solve for phase ambiguities, using closure conservation conditions for triangles
of telescopes, and increased processing capability for a joint fit of the obser-
vations of multiple source pairs simultaneously (Mart´ı-Vidal et al. 2008). The
former is fundamental to determine the unambiguous observables. The latter
can reduce the residual zenith excess path length to the order of ∆`z ∼1 cm
from the added constraints, particularly if the program observations span a
significant range of elevations in a rapid temporal succession (see discussions in
Mart´ı-Vidal et al. 2016). This is comparable to the outcome from GeoBlocks.
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3.3.2 Advanced Ionospheric Calibration methods
S/X group delay correction: The extremely well established geodetic VLBI
technique of obtaining an ‘ionosphere-free’ visibility data, by combining group
delays from S-band (2.4GHz) and X-band (8.4GHz) from simultaneous dual-
frequency observations, is one of the oldest AIC methods. This was also the
most common method for relative astrometry, using S/X observations of the
pair of sources, particularly before the availability of GPS derived correc-
tions. Using this approach one can reduce the residual ionospheric errors to
∆I∼1.5 TECU (Ros et al. 1999). We note that these results were achieved
without applying a-priori GPS-based corrections, so the initial errors would
have been up to ∆I∼40TECU. Ionospheric corrections derived from S/X obser-
vations of source pairs have been shown to be significantly better than those
from GPS-corrected analysis (Walker and Chatterjee 1999). This method,
however, includes the implicit assumption that the source positions have a
linear dependence on wavelength (see Porcas 2009, for discussions of this).
VLBI observations corrected by direct dispersive delay measurements have
not been used much recently, as only the Geodetic (i.e., S/X) single polarisa-
tion receivers supported such simultaneous dual-frequency observations. How-
ever, with the adoption of wideband cm-wave receivers (see Sect. 7.1.2) on the
next-generation of telescopes, this situation is sure to be reversed and this and
related approaches will see a regeneration.
Phase-Fitting: An alternative to the S/X group-delay ionospheric method
to measure ∆I for each antenna, is to fit the differential residual phases for
the dispersive ν−1 signature, over the observed frequency range. The improved
estimate for ∆I is used to eliminate the ionospheric contribution from the tar-
get data. Special considerations are required to avoid phase-fitting problems
related to the inherent ambiguity of the phase observable. This method has
been demonstrated for pulsar parallax measurements, with VLBA observa-
tions of multiple pairs of sources separated a few degrees apart, at L-band.
(Brisken et al. 2000; Brisken 2001; Brisken et al. 2002). The approach con-
sisted of making initial phase-referenced snapshot images of the target sources
at each sub-band of the frequency span (1.4 – 1.7 GHz) using conventional
phase referencing imaging. The astrometric errors in the phase referenced im-
ages are expected to be at ∼mas level and changing between sub-bands. By
fitting the (sub-band) antenna based phase residuals across the frequency span
to a function comprising a point-source model with a non-dispersive (i.e., scal-
ing with ν) and a dispersive (i.e., scaling with ν−1) term, one can determine
the ∆I ionospheric errors per antenna as a function of time (Brisken et al.
2002). These are used to correct the differential phases and improve the ac-
curacy of the astrometric measurement. Note that the initial phase referenced
image is vital to ensure that there were no ambiguity issues in the fitting
of phases across the band. Alternatively the residual ionospheric errors can
be determined from the characteristic frequency dependent (i.e., dispersive)
position-shift signature measured in the image domain. That is, by measuring
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the position changes in the snapshot images of the program source across a
range of frequencies. The image-based approach improves the signal strength
by combining the inputs from across the VLBI array; in this case average
ionospheric wedges over the array (or more often a subset of the array) as a
function of time could be derived (Brisken et al. 2000).
The residual ionospheric error ∆I after these fitting strategies could be as
low as 0.1 TECU (estimated from Brisken et al. 2000, Fig. 4), a fifty-fold im-
provement over the nominal residual values after GPS-based corrections. With
this level of systematic errors one could imagine achieving 10µas/deg astrome-
try precision at L-band, provided the signal was sufficiently strong. Neverthe-
less, the complexities of the analysis and the thermal limits of the snap-shot
phase-referencing imaging of the pulsars has hither-to prevented wide adoption
of this method. Furthermore, this method includes the implicit assumption
that the source positions have no dependence on wavelength, which is true for
pulsars but not generally true for AGNs. However, with the sensitivity of the
next-generation instruments, both due to increased collecting area and wide
bandwidths, it is possible that these approaches may yet be useful again.
Dedicated ionospheric blocks: Section 5.3 on multi-frequency phase ref-
erencing (MFPR) describes a related multi-frequency approach for reducing
∆I to a fraction of a TECU using dedicated blocks interleaved with the pro-
gram observations, on the target source; we dubbed this strategy “ICE-blocks”
(Ionospheric CorrEction, to resonate with the GeoBlock method for the tro-
posphere). Such strategies should be widely applicable (as for GeoBlocks) thus
improving the performance and applicability at low frequencies.
3.3.3 Concluding remark on advanced astrometric calibration methods
A precise astrometric strategy requires high quality spatial and temporal phase
calibration solutions. The ATC and AIC strategies presented above have had
a large impact in the field of astrometry with PR, particularly in the high fre-
quency regime. Still, the scope of PR-related applications remains unchanged,
with an upper frequency limit of 43 GHz. Sections 5.2 and 5.3 discuss meth-
ods that allow for precise astrometry above this limit. At low frequencies, the
AICs can provide a path to exquisite improvements in the ionospheric cal-
ibration. Nevertheless, its implementation is limited by the multi-frequency
capabilities of current instruments and as a result precise astrometry at the
low frequency regime is driven by in-beam PR, which has a more limited ap-
plicability compared to ATC. Both AIC and ATC are able, in principle, to
deliver astrometric precision at 10µas/deg level, although in practise this pre-
cision has been largely limited to the tropospheric corrections and the high
frequency regime, to date. Sect. 5.1 presents a new technique (i.e., MultiView)
for ultra precise astrometry with next-generation instruments, which works for
both tropospheric and ionospheric corrections for the high and low frequency
regimes and is not dependent on a strong target source.
26 Mar´ıa J. Rioja, Richard Dodson
4 The next-generation of radio instruments and the opportunities
for astrometry
We present a short summary of the next-generation instruments that are com-
ing online, which will drive forward the field of ultra-precise astrometry with
VLBI observations. Table 3 lists crucial parameters for some of these and
current arrays. This review is primarily interested in the considerations for as-
trometric surveys, therefore we have focused on the relevant issues for those.
We emphasise our views on the impact that these new instruments can have,
in conjunction with established and innovative astrometric methods and tech-
nologies.
Table 3 Summary table of some of the current VLBI arrays and next-generation elements
with VLBI compatibility (Col. 1) mentioned in this review. Col. 2 and 3 list the frequency
range and collecting area. Col. 4 shows the capability for multi-beams, indicating if this
is available via formation of simultaneous multiple-pixel beams or by alternating between
sources (Yes or Switching, respectively). Col. 5 shows the capability for multi-frequencies,
indicating if this is available via observing multiple frequencies simultaneously, by fast fre-
quency switching or not available (Yes, Switching or No, respectively). The VLBA is a full
time dedicated VLBI array, formed of 10 25-m antennas, of which 8 can observe at the
highest frequency of 86 GHz. EVN is an ad-hoc array, with some large antennas (3>60m)
and many (9 for these calculations) smaller ones. x-KVN stands for KaVA (KVN and VERA
array) plus Yebes (40m). VERA is the Japanese astrometric array. For the next-generation
VLBI elements, the collecting areas of SKA-Low and SKA-Mid Phase-1 are given; Phase-
2 values are given in brackets. ngVLA is proposed to also be a standalone VLBI array,
by absorbing the VLBA sites. FAST is the 500m diameter Chinese single dish and SKA
pathfinder. †: not continuous for current arrays; ?: frequency dependent, as not all stations
support all frequencies. ♦ KVN only.
Name Frequency Range† Collecting Area? Multi-Beams Multi-frequency
Current VLBI Arrays
VLBA 0.3 to 86 GHz 6,000 m2 Switching Switching
EVN 0.3 to 43 GHz 28,000 m2 Switching No
x-KVN 22, 43, 86, (130♦) GHz 4,000 m2 Switching Yes
VERA 22, 43 2,000 m2 Yes Yes
Next-Generation VLBI elements
SKA-Low 50 to 350MHz 0.4 (1) km2 Yes Yes
SKA-Mid 0.35 to 15GHz 0.04 (1) km2 Yes Switching
ngVLA 1.2 to 120GHz 0.1 km2 Yes Maybe Yes
FAST 0.07 to 3GHz 0.1 km2 Yes No
4.1 m and cm radio astrometry in the SKA era
The Square Kilometre Array (SKA) is an international collaboration to build
an array with a collecting area that will be eventually a hundred times greater
than current facilities. It is being built in two stages, an initial roll-out (Phase-
1) and then the final full array (Phase-2). It comprises of two arrays and fre-
quency ranges, SKA-Low covering 50 to 350MHz, sited in Western Australia,
and SKA-Mid covering 0.35 to 15.3 GHz (and potentially higher), sited in
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South Africa and eventually eight other African countries. SKA-Low Phase 1
will consist of 512 stations each of 256 log-periodic dipoles (equivalent to ∼40%
of the full SKA-Low), spread over a diameter of 65 km. SKA-Mid Phase 1 will
consist of 197 ∼15m offset-Gregorian parabolic dishes (equivalent to ∼3.5% of
the full SKA-Mid), spread over a diameter of 150 km. The full SKA will have
baselines of thousands of km, and can be considered a VLBI instrument in its
own right.
The arrival of SKA has revitalised the research at m to cm wavelengths in
many fields (Braun et al. 2015) and this includes a long baseline component.
To exploit the full potential of the first phase, both SKA-Low and SKA-Mid
will perform joint observations with other telescopes, hereafter SKA-VLBI.
These can potentially perform high precision astrometry (providing the mech-
anisms are in place). Given the collecting area of the SKA telescope, which
will be an order of magnitude (Phase-1) to two orders of magnitude (Phase-2)
times greater than that available currently, the sensitivity of VLBI baselines
from existing infrastructure to the SKA is expected to increase by an order of
magnitude or more with respect to current levels; this offers a great opportu-
nity for VLBI studies.
Observations with SKA-Low will be dominated by ionospheric systematic
propagation effects, with spatial variations at scales much smaller than the
wide FoV of the individual dipole elements. Each SKA station has a diameter
of 38m (and a FoV from 15 to 1.3◦), and can form multiple station beams
towards any point visible to the individual elements. Multiple tied-array beams
can be formed within these station beams, from the sum of the station outputs;
the current specifications are for 4 full bandwidth coherent VLBI beams. The
backend processing hardware can support a maximum of 16 full bandwidth
VLBI beams, but this would require an increase in the number of planned
VLBI servers.
The frequency range for SKA-Mid observations comprises regimes with
dominance of either the ionospheric or tropospheric systematic propagation
effects, and a regime where both are significant. The SKA-Mid dishes have
a significantly smaller FoV on the sky than for SKA-Low, but will still see
nearly 4◦ at the lowest frequency. Similar backend hardware is planned for
SKA-Mid as for SKA-Low, but with the greater instantaneous bandwidth for
SKA-Mid a smaller number of tied-array beams can be formed. Currently 4
full bandwidth (2GHz) coherent VLBI beams would be possible; the number
of beams can be increased by compromising on the bandwidth (for details see
Garcia Miro 2019).
With the phased-up SKA Phase-2 acting as an extremely sensitive sta-
tion in a VLBI array the sensitivity for the SKA baselines will be an order
of magnitude better than those for the best 100m-class radio telescopes avail-
able today (see Table 3). Furthermore the capability to tie together all the
outputs of the stations to form multiple tied-array beams for VLBI (and also
pulsar studies) will be essential for the science cases which require astrometry
with SKA-VLBI, as a number of simultaneous tied-array beams are vital to
obtain highly precise outcomes; moreover this will allow VLBI surveys to be
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performed. Whilst the VLBI baselines will still be Earth bound we may rea-
sonably assume that the achievable sensitivity will be ten times better than
current limits, achieving dynamic ranges (DR) of ∼1000:1. We note that nearly
such levels are being achieved currently for a few objects (Yang et al. 2016;
Miller-Jones et al. 2020). A thousandth of the beamsize, if the observations
are thermally limited, would potentially allow for 8µas astrometric precision
at L-band (∼1.4GHz) and 1µas precision at X-band (∼8.4 GHz), with global
baselines of 6,000 km; Sect. 4.4 discusses Space-VLBI possibilities that allow
for much longer baselines. These limits would open up a huge parameter space
for SKA-VLBI to explore, in a multitude of scientific fields (see Paragi et al.
2015). However this is predicated on the actual measurements matching the
potential astrometric accuracy. MultiView is a calibration method that can
provide the matching accuracy as discussed in Sect. 5.1. Sect. 9 describes
some of the science cases for SKA-VLBI where ultra-precise astrometry is key.
The SKA precursors and pathfinders play an essential role in developing
and demonstrating the SKA technologies and techniques now, before the in-
strument is finalised. A number of them have performed a limited amount
of VLBI. The LOFAR has made long baseline observations (e.g., Jackson
et al. 2016) between the international stations. The Murchison Widefield Array
(MWA) has performed VLBI in conjunction with the Indian Giant Metrewave
Radio Telescope (Kirsten, per. comms). MeerKAT has formed fringes between
their stations and the European VLBI Network (EVN). ASKAP has plans for
a VLBI beam-former. The massive boost in low frequency astrometry that
will be provided by the FAST telescope (China, 500m diameter), the world’s
most sensitive radio telescope (Li and Pan 2016), should be noted. FAST is a
SKA pathfinder with a collecting area similar to SKA Phase-1, which makes
it highly desirable for joint VLBI astrometric observations; see Table 3. The
narrow FoV and limited pointing capabilities put a constraint, in principle, on
VLBI astrometric measurements. Nevertheless it is currently equipped with a
19-beam receiver, which could enable precise astrometry using MultiView. The
multiple-pixel effectively extends the narrow FoV to that of a 30m diameter
single pixel telescope. There are plans to install a Phased Array Feed (PAF),
which will result in an even better performance with denser coverage of the
FoV and wider bandwidths. Detailed discussions on the impact of technolog-
ical developments, such as multiple-pixel capability, on astrometry are to be
found in Sect. 7.
4.2 cm and mm radio astrometry in the ngVLA era
The next-generation VLA (ngVLA) project is an American proposal for a cm
to mm antenna array (Murphy 2018). It includes long baselines, spanning at
least ∼500 km, and covers the frequency range from 1.2 to 120 GHz (Murphy
et al. 2018), with a planned collecting area larger than SKA-Mid Phase-1. The
ngVLA will be built out from the current VLA site in New Mexico, which is a
high and dry plane with a good view of most of the sky. It consists of a dense
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core of 160 close-packed 18m diameter parabolic antennas, almost completely
covering the inner kilometre, then transitioning to a log spiral pattern out to
20km in radius. Longer baselines, with a further 50 or so antennas, then extend
across Southern USA, and even into Mexico (Selina et al. 2018). Furthermore,
the VLBA sites are envisaged as being added to this, with two to three dishes at
each site, to increase the sensitivity of these longest baselines; see Table 3. The
receiver systems sit at the off-axis Gregorian focus, and the proposed design
has six feeds for six bands with a very fast translator, which allows switching
between frequencies on the timescale of seconds. Such an instrument will be
an exciting partner for SKA and the Atacama Large Millimeter/submillimeter
Array (ALMA) .
ngVLA, with baselines of at least 500 and potentially 8,000km, is essen-
tially a VLBI instrument with spatial resolution at the milliarcsecond scale.
ngVLA has larger dishes than SKA-Mid and is not envisaged as a survey in-
strument. As such it is well matched in both capabilities and in organisation
to be an outstanding VLBI instrument (Reid et al. 2018). With the enhanced
sensitivity from a phased-up core and wide recorder bandwidths, multiple cali-
brator sources within the FoV of an antenna could be expected to be found for
most directions up to frequencies of ∼8GHz, where the FoV would be 0.1◦(see
Table 2 for the predicted number of sources to be found in a primary beam).
ngVLA will be able to output multiple tied-array voltage streams for simulta-
neous observations of multiple sources within the FoV (Selina et al. 2018). In
general at higher frequencies (>8 GHz) astrometry would be carried out with
source switching, and the telescopes are being designed with the capability to
switch rapidly between different lines of sight (4◦ in 10 sec). With these capa-
bilities ngVLA is highly suitable for observations using the latest astrometrical
techniques, such as MultiView as discussed in Sect. 5.1.
Astrometry at high frequencies using conventional techniques is extremely
challenging, due to the fast fluctuations of water vapour in the troposphere.
Water Vapour Radiometer (WVR) systems, which have proved invaluable on
the ALMA site, will monitor the precipitable water vapour content in the di-
rection of the antenna pointings to improve the estimates of the tropospheric
model contributions. Nevertheless there are significant risks in depending en-
tirely on this approach. The WVR for ngVLA will be using the less sensitive
22GHz line, rather than that at 183GHz used for ALMA, and this tends to
saturate and has a spotted history (Clark 2015).
Innovative methods to correct for the tropospheric effects that use multi-
frequency observations, i.e. Source Frequency Phase Referencing (SFPR), are
described in detail in Sect. 5.2. The ngVLA feed translator enables very fast
switched-frequency observations (significantly faster than currently possible
with the VLBA). However, this is a sub-optimal solution; the best solution
is to have simultaneous observations at multiple frequencies. These provide
enhanced coherence at the highest frequencies and more robust and straight-
forward operations. In the design of a Gregorian feed the focal length is very
short; this in turn makes it very difficult to introduce complex optical paths
for simultaneous frequency systems such as used on the KVN. Nevertheless,
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technical solutions have been proposed; also we have carried out simulation
studies to investigate the performance costs of using fast frequency switching
in comparison to simultaneous observations at multiple frequency bands. The
outcome is described in detail in Sect. 7.1.3.
Some of the high-frequency considerations for ngVLA are being tested on
the KVN, which is the first dedicated full-time mm-wavelength VLBI (mm-
VLBI) array and was commissioned in 2009. In this respect, we consider the
KVN as a pathfinder for ngVLA. Currently KVN consists of three 21-m diam-
eter antennas across South Korea, hosted at the campus of the Universities of
Yonsei, Ulsan and Tamna (Lee et al. 2014), with a maximum baseline length of
∼500 km. Each antenna is equipped with an innovative quasi optical design of
mirrors and low pass frequency filters that enables simultaneous observations
at four frequencies: 22, 43, 86 and 130 GHz (Han et al. 2013). This design
is a technological solution for effective tropospheric calibration and enables
astrometry at frequencies three times higher than that achievable previously,
using measurements at a lower frequency band. A detailed description of the
method is presented in Sect. 5.2.
4.3 mm and sub-mm radio astrometry in the EHT era
The latest of the new global radio astronomy facilities to be opened is the At-
acama Large Millimeter/submillimeter Array (ALMA).2 This consists of ex-
tremely high precision antennas, with 54 having diameters of 12 m and another
12 of 7 m, in the Atacama desert (Chile), at about 5000 m above sea-level. The
frequency coverage is from 84 up to 950 GHz, with plans for frequencies as low
as 35 GHz. The antennas can be phased up to provide the equivalent sensitiv-
ity to that of a 85-m diameter single dish, from which the tied-array voltage
signal can be recorded for VLBI observation. The ultra-sensitive phased-up
ALMA is providing the corner-stone for VLBI at the highest frequencies ever
performed, at hundreds of GHz. At these frequencies, where the atmospheric
coherence times are extremely short, ALMA has allowed for a huge leap in
performance for the Event Horizon Telescope (EHT) (Doeleman et al. 2009).
The chief design goal of the EHT is the imaging of the shadow of a black
hole, for which both frequencies above 200GHz and spatial resolutions greater
than 40µas are required. The former is to overcome the intrinsic scattering
around these sources and the latter is to provide the resolution to separate
the black hole shadow from the bright disk of in-falling matter (Event Horizon
Telescope Collaboration 2019). So far EHT has exclusively focused on mak-
ing self-calibrated images, but when the small number of sufficiently strong
sources are fully explored there will be a demand for more sensitive obser-
vations. Greater sensitivity can be achieved by longer coherent observations,
such as provided by PR-type techniques regularly used at lower frequencies.
A conventional PR experiment at hundreds of GHz is probably impossible,
as the atmospheric coherence times at these wavelengths are extremely short.
2 https://www.almaobservatory.org
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Nevertheless an alternative innovative method has been demonstrated up to
130GHz, the highest frequency with KVN, and we foresee no issues in appli-
cation to higher frequencies, such as those relevant to EHT; ALMA has used
a similar technique (“band-to-band”) on their internal baselines (Asaki et al.
2020). The approach of SFPR is discussed in Sect. 5.2. Early discussion about
next-generation EHT (ngEHT) is considering such a plan.
4.4 Space missions: astrometry from above the atmosphere and
extraterrestrial baselines
Millimetron is a cm to sub-mm Russian space mission which envisages a radio
telescope located at the L2 Lagrangian point (and later moving to a highly el-
liptical orbit), observing at frequency ranges from 15 GHz to 15THz (Smirnov
et al. 2018). The space platform would host a single dish of 10m diameter, and
will alternate operations between single dish and VLBI observations (at fre-
quencies between 30 and 690 GHz), jointly with ground telescopes including
the EHT antennas. The long baselines to the satellite telescope will provide a
huge leap in the achieved angular resolution of the images and potentially as-
trometry, compared to ground arrays. Calibration of this instrument for VLBI
will be a huge challenge, and therefore the capability to observe at multiple
frequencies simultaneously is part of the design; this is also relevant to enable
astrometry. For terrestrial VLBI the antenna positions are usually known to
better than a cm, but this is not the case for the orbit error in Space-VLBI and
this becomes the dominant source of astrometric error. VSOP had orbit errors
of about 5 m (Porcas and Rioja 2000) and those for RadioAstron were signif-
icantly worse. It has been very hard to meet the requirements for astrometry
with the satellite antennas (Tsuboi 2009) (with the exception of two particular
cases: Porcas and Rioja 2000; Guirado et al. 2001) thus new approaches for as-
trometry are required. Details on the benefits of multi-frequency observations
for astrometric calibration of mm-VLBI using SFPR, such as the removal of
orbit errors, are described in Sect. 5.2 and in Rioja et al. (2011a).
Another high-frequency VLBI mission not bound to Earth is the proposed
Japanese balloon-VLBI mission (Doi et al. 2019), in which the telescope is
mounted on a balloon-borne platform. Here the purpose is to observe from
the stratosphere, avoiding the tropospheric contributions. The baselines are
not significantly longer than those of the global Earth-bound stations, and
will have significant positional uncertainties. Nevertheless, if such a system
was fitted with a multi-frequency receiver it would be suitable for astrometric
observations, in the same manner as Millimetron.
Cosmic Microscope is a low frequency dual element space-VLBI concept by
the Shanghai Astronomical Observatory of the Chinese Academy of Sciences,
for state-of-the-art high resolutions studies at low frequencies. The Chinese
space-VLBI mission is still in an exploratory phase, but has ambitious goals
including astrometric capabilities. This Cosmic Microscope mission consists of
two space-based 30m radio-telescopes in highly elliptical orbits with apogee
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heights of 90,000 and 60,000 km respectively, with operational frequency bands
at 30, 74, 330 and 1,670 MHz (An et al. 2019). The modes of operation will
comprise: space-ground VLBI with the most sensitive ground infrastructure,
such as the SKA, FAST and Arecibo telescopes, resulting in a powerful combi-
nation of high sensitivity and extremely long baselines for astrometric studies;
space-space single baseline VLBI, resulting in observations free of atmospheric
propagation medium effects (but not from orbit positional errors); and single
dish mode, to monitor the sky for transient events that will be followed up with
VLBI. The astrometric measurements will be carried out using the recently
developed MultiView (Rioja et al. 2017) technique, with multiple in-beam cali-
brators (Sect. 5.1); this technique has important benefits for space-VLBI since,
by correcting for the orbit errors (Dodson et al. 2013) as well as atmospheric
contributions, it enables astrometry.
4.5 The VLBI Global Observing System for Geodesy and Astrometry
Accurate geodetic data is vital for astrometry, through the better modelling of
source coordinates with the International Celestial Reference Frame (ICRF),
the Earth Orientation Parameter (EOP) and telescope coordinates with the
International Terrestrial Reference Frame, so astrometry and geodesy improve
hand in hand. The next-generation instrument for geodesy was proposed by the
International VLBI Service for Geodesy and Astrometry and is known as the
VLBI Global Observing System (VGOS). VGOS is designed to deliver an order
of magnitude improvement in the precision of the delay observable, which prop-
agates into a similar improvement in the geodetic outcomes, amongst these the
quality of the ICRF. This comprises a dedicated VLBI network, rather than
a single station for VLBI. In the last decade it has steadily worked forwards
from proposal to delivery, and now the concept and important demonstrations
are established. To provide an order of magnitude improvement the require-
ments are: observations of many sources with-in the coherence time; rapid sky
coverage to separate systematic terms; and sufficient sensitivity to be able to
detect sources with flux densities greater than 250 mJy, in that time. Thus the
system is based around fast slewing (∼10◦/sec), 12-m class antennas (System
Equivalent Flux Density (SEFD) of ∼2,500Jy), capable of recording broad
bandwidths from a 2–14 GHz continuous frequency band, and data processing
technology at a high data rate of up to 16 Gbps (SNR of 20 in 10 sec). A
number of new telescopes conforming to the VGOS specifications have been
built or are planned globally. These, with improvements in analysis procedures
and the optimisation of scheduling, should provide residual pathlength errors
of the order of 1 mm, or a delay precision of four pico-seconds.
The unambiguous ‘group delay’, or delay across the observed bandwidth,
has traditionally been the prime observable for geodesy and absolute astrom-
etry since the 1970’s (see discussions and references in Counselman 1976). For
VGOS these will come from observations of four 1-GHz bands spread across
the frequency coverage. The demonstrations have shown that the group de-
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lay uncertainties, with the improved sampling and bandwidth, are an order
of magnitude less than those of the previous products and that the system
calibration and stability is sufficient to meet the requirements (Niell et al.
2018).
4.6 Cross-over between radio and optical astrometry in the GAIA era
In the era of GAIA some aspects of radio astrometry will change consider-
ably, therefore we quickly review GAIA and its impacts. The ESO satellite
mission GAIA was launched in 2013, and is surveying the visible sky from
the Earth-Sun Lagrangian point. It is expected to produce a catalogue of par-
allax and proper motions for one billion stars and AGNs with magnitudes
brighter than 20. The final goal for astrometric precision is 7µas for ∼10th
magnitude stars, 20µas at 15th magnitude, and 200µas at 20th magnitude
(Lindegren et al. 2018). Additionally, GAIA performs photometry and radial-
velocity measurements on the brighter targets. The observations are relative
between two telescopes pointing 106.5◦ apart. All objects should be observed
about seventy times in the lifetime of the mission, which is currently about half
way through. The point spread function is about 300mas, and the astrometric
position is derived from a precise fit to the optical centroid.
The billion optical sources that GAIA (Gaia Collaboration et al. 2018a)
will survey will include approximately 550,000 quasars (Gaia Collaboration
et al. 2018b), which is better than 10 sources per sq. deg., so will be able to
form a high precision optical inertial reference frame that can be compared
to the radio-based ICRF. Given the large number of sources that GAIA will
measure, the derived reference frame will be of an extremely high quality. One
of the greatest weaknesses in the ICRF is that it is based on a small number of
targets, particularly in the Southern Hemisphere (Titov 2007). The GAIA ob-
servations will resolve this issue providing a link between the Radio-measured
Reference Frame and that of GAIA based on quasar positions. Lindegren
(2020) discusses the important distinction between the ‘faint’ GAIA reference
frame, which would include the AGN’s that form the reference frame and the
‘bright’ reference frame, made up on the whole with stars from the Galactic
population. There are instrumental difficulties directly connecting these two
frames, and relative VLBI-astrometry of radio stars in the latter, referenced
to the ICRF, will provide a crucial direct link between the two GAIA data
products. Additionally, given the limited life time of any space mission, the
long term radio-derived ICRF provides a vital cross-reference. The ICRF is
based on observations from the 1980’s onwards, albeit with continuous im-
provements, and thus is robust against long term systematic drifts such as the
rotation of the frame. Currently, on going improvements of the VLBI geodetic
and astrometric observations within VGOS are expected to result in an order
of magnitude improvement, as discussed in Sect. 4.5.
The GAIA Data Release 2 included mapping of the Galactic plane stellar
kinematics (Gaia Collaboration et al. 2018c) with 3.5 million measurements
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of proper motion and parallax of stars down to 12th magnitude from the local
Galactic quadrant. I.e., 5 to 13kpc from the Galactic Centre, out to ±2kpc
above and below the plane (see Fig. 9 Gaia Collaboration et al. 2018c). This
allows for a phenomenally rich and detailed reconstruction of the Galactic
dynamics and history of the optical stellar population. However, the global
parameters for the disk rotation were still taken from Reid et al. (2014), under-
lining the importance of independent radio astrometric observations. Hitherto
the research areas of geodesy and astrometry have been dominated by radio
VLBI. Clearly the role of the radio investigations will need to adapt to the new
landscape forged by GAIA, but given the respective strengths and weaknesses
their complementary nature will only benefit both.
5 Next-generation astrometric calibration methods
There have been a number of new methods developed over the last decade
that have had a significant impact on the field of precise astrometry, as they
have provided a breakthrough in its application across the radio spectrum
compared to previous methods. They are coming to fruition now with wide
spread usage, being applied to KSPs of existing instruments, and driving the
planning of the next-generation instruments.
In the low frequency regime, MultiView effectively reduces the impact of
the large residual direction-dependent ionospheric effects between the target
and the reference sources, and has a wide applicability. Section 5.1 describes
the basis for MultiView and the astrometric outcomes.
In the high frequency regime, new approaches such as Source Frequency
Phase Referencing (SFPR), and variations of it, breakthrough the upper fre-
quency threshold imposed by the very fast tropospheric fluctuations and en-
ables astrometry at much higher frequencies. Section 5.2 describes the basis
for SFPR and the astrometric outcomes.
In both cases they open the prospects for precise astrometry at all fre-
quency regimes, including with space-VLBI.
5.1 MultiView astrometric method
The MultiView calibration method (Rioja et al. 2017) offers the potential to
achieve ‘universal’ high precision astrometry, including in the low frequency
regime dominated by ionospheric disturbances, where other PR methods result
in large errors. These arise from the spatial structure in the distribution of
electrons in the ionosphere above each antenna, which introduce direction-
dependent phase changes resulting in quasi-stationary spatial phase gradients;
errors with similar signatures arise from residual tropospheric and geometric
errors, albeit with smaller impact at the lower frequencies.
The strength of the MultiView method is in that it uses an appropriate
combination of the observations towards multiple reference calibrator sources,
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at least three, surrounding the target, to measure those phase gradients and its
temporal variation, and thus calibrate the target observations accurately. See
Table 1 for an indicative observing schedule. All sources are observed at the
same frequency. MultiView calibration is ideally carried out in the visibility
domain and uses 2D linear interpolations of the residual phases sampled along
the calibrator directions. Effectively, this is equivalent to PR with a source pair
whose relative separation is ∆θAB ∼0 and therefore minimises the calibration
errors. Instead, the MultiView calibration errors arise from the deviations of
the ionospheric disturbances from a planar fit, in its most basic implementation
with three calibrators.
Our demonstration of MultiView astrometry using VLBA observations at
L-band (Rioja et al. 2017) using three calibrators with angular separations
between 2 and 6 degrees away from the target, reached the thermal noise
error regime of ∼100µas. For comparison, this accuracy is equivalent to that
achieved with in-beam PR observations with a calibrator separated by 10′.
The MultiView (MV) strategy results in excellent error compensation, even
using distant calibrator sources that therefore place less stringent constraints
for the angular separation and thus increases the applicability.
Following Eq. (2) for the differential phase observables, with νR = νT = ν,
a MV-calibrated dataset is formed with a linear combination of observations
of N calibrators (Ci) that surround the target source (A):
φT −R ∗ φR = φA(to, ν)−
N∑
i=1
αi ∗ φCi(ti, ν)
= (φA,pos − φCv,pos)± σφMV ± σφthermal + 2pi(nA −Σiαini),
with αi real
(4)
where αi are the weights used for the 2D linear spatial interpolation of the
residual calibrator phases φCi(ti, ν)+2pini from the scans on the N calibrators
to the direction and scan time of observations of the target source A. αi are
real and their values depend on the distribution of the sources in the sky. The
values for αi used in Dodson et al. (2017b), for example, are simply the linear
fractional weights between the on-sky source positions; more complicated func-
tions could be fitted, but are unlikely to be significantly better except where
angular separations or the phase surface curvature are extremely large. The
sum of αi will be one if the calibrators surround the target, so the errors are not
inflated. Beyond the preference for the target to lie within the locations of the
calibrators on the sky, which ensures the corrections are interpolated rather
than extrapolated, there are no particular limitations on their arrangement,
other than to note that degenerate configurations (e.g., all in a line) will not
allow accurate estimates for the phases as a function of the orthogonal direc-
tion. If all sources are observed simultaneously (dubbed in-beam MultiView)
only the spatial interpolation is required. MultiView uses the FT-inversion ap-
proach to resolve the ambiguity issue, hence it is important to “phase connect”
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the sequence of N calibrator phases prior to the interpolation, whilst there is
no such requirement for the target.
The MV-calibrated target dataset is Fourier inverted and deconvolved to
yield a synthesis image of the target source, which conveys a measure of its
position relative to a virtual point in the sky (i.e., not the position of a partic-
ular object) determined by the ensemble of calibrators; this is indicated by the
term (φA,pos−φCv,pos) in Eq. (4). We note that, for comparison, the measured
target positions using PR methods are tied to the assumed position of the cor-
responding (single) calibrator. Nevertheless, as long as the calibrator sources
provide good fiducial points (i.e., are stationary), this virtual point is also
stationary and any changes between the astrometric measurements in multi-
epoch observations trace the motion of the target in both MultiView and PR.
σφMV are the phase calibration errors using MultiView and are quantified be-
low, with all other terms as before. As mentioned above, special considerations
are required to avoid inherent phase ambiguity issues in the multi-calibrator
phase fitting strategy. MultiView, as implemented in Rioja et al. (2017), in-
cludes an automatic ambiguity check mechanism, based on the approach used
in UVPAP (Jimenez-Monferrer et al. 2010), to avoid these issues. Those are
expected to be increasingly relevant at lower frequencies (<5 GHz) or in cases
when the calibrator source positions are poorly known. In the demonstration
paper of MultiView (Rioja et al. 2017), at 1.7 GHz, we found that, typically, a
few antennas over the VLBA array had one turn of phase to be corrected for,
which is consistent with 6TECU residuals.
σφMV is given by a linear combination of the calibration errors for the N
target-calibrator pairs (σiφ), each following Eq. (3); i.e., σφ
MV =
∑N
i=1 αi ∗
σiφ, using Tswt,tro = Tswt,ion = Tswt, where Tswt is the duty cycle of the obser-
vations, and∆θtro = ∆θion =
∑N
i=1 αisˆi−sˆtrue ∼ 0, for the propagation effects.
The latter applies under the assumption of the phase errors above a telescope
having a planar spatial structure, in this case the static residual errors are fully
compensated both for tropospheric and ionospheric components, including the
case of low elevation observations that result in significant PR errors. This as-
sumption is supported by empirical measurements of the small contribution
from fine scale structure or “roughness” of the atmospheric disturbances after
the subtraction of the low-order fit; these studies are discussed in Sect. 7.2.4.
In the case of simultaneous observations of the target and calibrator sources,
so called in-beam MultiView dynamical terms are largely cancelled as well.
Thus we find the predicted phase errors for MultiView, using the terms from
Eq. (3), to be:
σφMVsta,tro = Σαiσiφsta,tro ≈ 0
σφMVsta,ion = Σαiσiφsta,ion ≈ 0
σφMVdyn,tro = Σαiσiφdyn,tro ≈ 0
σφMVdyn,ion = Σαiσiφdyn,ion ≈ 0
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Moreover MultiView also calibrates the residual geometric errors, such as an-
tenna coordinate errors, which result in spatial phase gradients above the
antennas as well, that is: σφMVgeo ∼0. This would include ‘tip-tilt’ errors in
the alignment of a multi-beam feed such as that on FAST. Therefore, Multi-
View provides a very effective mitigation of the dominant sources of calibration
errors that remain with other methods, arising from propagation medium ef-
fects and geometry errors, leading to astrometry accuracies in the thermal
noise regime across the spectrum.
Table 2 lists the estimated systematic astrometric errors σ∆θMV (Col.
3), from the propagation of MultiView residual atmospheric errors, taking
into account the empirical studies (Sect. 7.2.4), at a range of frequencies. For
comparison, these are about one order of magnitude smaller than those for
in-beam PR with a calibrator 10′ away (PR10′) (see Sect. 9 and Fig. 2, for
the direct comparison between the outcomes of both methods). As a result,
MultiView astrometric accuracy easily reaches the thermal limit with current
instruments, which corresponds to ∼100µas at 1.6 GHz, with DR of 100:1; that
is σ∆θMV  σ∆θthermal. In comparison in-beam PR10′ results in a similar
astrometric performance, but where σ∆θPR10′ ∼ σ∆θthermal. MultiView sys-
tematic calibration errors are comparable to the thermal noise levels from the
next-generation instruments (i.e., DR of 1000:1), for example 6µas at 1.6 GHz
(Table 2 Col. 3). The prospect is for MultiView to achieve ultra-precise µas-
level astrometry at frequencies where today’s measurements are carried out,
with SKA and ngVLA, and enable precise astrometry at the much lower fre-
quencies with SKA. Ultra precise astrometry is one of the most innovative
outcomes of VLBI with the next-generation instruments and some example
projects are presented in Sect. 9.
Recently suitable technologies for forming simultaneous multiple beams
have been developed. We discuss multiple tied-array beams for antenna arrays
in Sect. 7.2.1 and multiple beams for large telescopes in Sect. 7.2 and their
implementation on the next-generation instruments in Sect. 4. Observations of
at least three calibrators surrounding the target is the minimum requirement,
which requires ≥4 tied-array beams. With more than the minimum number of
calibrators one could over-fit the plane (or fit higher order surfaces) to reduce
the measurement errors. However, the main advantage, in general, would be
in the identification and removal of unsTable reference points (Sect. 2.2). It is
such systematic errors that we believe will become a new dominant source of
errors and determine the ultimate astrometric limit with the next-generation
instruments.
MultiView is also relevant for enabling highest precision astrometry from
the extra-terrestrial baselines with space-VLBI, where the large orbit errors
have traditionally prevented astrometry using PR methods (see Sect. 4.4).
Instead, MultiView results in an effective calibration of geometric errors, such
as the position errors of the orbiting antenna, along with the propagation
medium effects. Dodson et al. (2013) carried out MultiView simulation studies
with realistic atmospheres and orbit errors, to demonstrate the feasibility of
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MultiView for Space-VLBI astrometry and found 3±1µas systematic errors in
the best cases, at 1.6 GHz.
Other related implementations are the recent Reid et al. (2017) demon-
stration of MultiView spatial interpolation in the image domain. Earlier ap-
proaches were: ‘Cluster-Cluster’ VLBI, proposed in the 1990’s (Rioja et al.
1997b, 2002), similar slewing strategies (Fomalont and Kopeikin 2002; Foma-
lont and Kogan 2005), and the bi-gradient method (Doi et al. 2006). None
of the latter have had great usage, perhaps because they lacked methods for
correcting for ambiguities. Future implementations of MSSC plan to fit higher
order functions to the multiple calibrators used in that method (Sect. 3.2.1),
which would be similar.
5.2 Source/Frequency Phase Referencing astrometric method
The Source Frequency Phase Referencing (SFPR) calibration method (Rioja
and Dodson 2011) provides a breakthrough for mm-VLBI astrometry beyond
the scope of PR methods. SFPR achieves an effective calibration of the residual
fast tropospheric error fluctuations and the geometric errors, both with a non-
dispersive nature, along with the dispersive ionospheric errors. SFPR is widely
applicable with no upper frequency limit, if the instrument has the required
capability.
The fast tropospheric fluctuations limit the coherence time and are the
main challenge in VLBI observations at high frequencies, which combined with
intrinsically lower source fluxes and higher instrumental noise limits the obser-
vations to stronger sources. Astrometry has even more stringent considerations
than imaging, therefore PR astrometric measurements have traditionally been
limited to frequencies up to 43 GHz.
Multi-frequency calibration is an approach that has only recently begun to
deliver on its promise for mm-VLBI, based on the longstanding recognition of
the non-dispersive nature of the tropospheric propagation effects. Strategies
involving dual frequency observations, where the high frequency (i.e., target
frequency νhigh) observations are calibrated using the scaled solutions from a
lower (i.e., reference frequency νlow) and more amenable frequency have been
proposed in the past (Asaki et al. 1996; Carilli and Holdaway 1999; Middel-
berg et al. 2005). We refer to these as “frequency phase transfer” strategies
(FPT). But it was not until the development of calibration methods that pre-
cisely accounted for all, non-dispersive and dispersive, error contributions that
successful mm-VLBI high precision astrometry was achieved.
In SFPR the small and slow changing differential residual ionospheric dis-
persive error contributions, are mitigated with interleaving multi-frequency
observations of the target (A) and a second source (B, reference source or
calibrator); here, the angular separation between the two sources (∆θAB) can
be up to many degrees and the duty cycle (Tswt) up to many minutes. This is
unlike the case for PR methods which require fast switching to match the fast
tropospheric fluctuations. We note that the SFPR mitigation applies to other
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dispersive contributions as well, such as instrumental terms. See Table 1 for
an indicative observing schedule.
A detailed description of the basis of SFPR and the first demonstration of
the astrometric capability was presented in Rioja and Dodson (2011), using
fast frequency switching VLBA observations at 43/86 GHz, of a pair of sources
10◦ apart. Superior performance comes from the technical solution adopted by
the KVN, where the multi-frequency receivers (Han et al. 2008, 2013) enable
simultaneous observations at four frequency bands (22, 43, 86, 130 GHz). This
results in much improved error mitigation and therefore allows application to
much higher frequencies. Rioja et al. (2015) describes a SFPR demonstration
at the highest KVN band, at 130 GHz (see Fig. 4).
Following Eq. (2) for the differential phase observables, with νR = ν
low,
νT = ν
high and R = ν
high
νlow
, a SFPR-calibrated target dataset is formed with a
linear combination of observations at the reference and the target frequencies
(νlow and νhigh, respectively), and of the target and reference (or calibrator)
sources (A and B, respectively) as:
φT −R ∗ φR =
(
φA(t, ν
high)−R ∗ φA(t, νlow)
)
− (φB(t′, νhigh)−R ∗ φB (t′, νlow))
=
(
φhighApos −R ∗ φlowApos
)
−
(
φhighBpos −R ∗ φlowBpos
)
± σφSFPR
± σφthermal + 2pi
(Rnlow − nhigh)
(5)
where the superscripts ‘high’ and ‘low’ are for observations at νhigh and νlow,
respectively. σφSFPR stands for the SFPR calibration errors, and all other
terms as for those in Eq. (2). The SFPR-calibrated dataset is Fourier inverted
and deconvolved to yield a synthesis image of the target source at the tar-
get frequency (νhigh); the SFPR-map. The position offset of the target source
relative to the SFPR-map center is a bona-fide astrometric measure of the com-
bined spectral position-shifts (i.e., δθhigh−low) for sources A and B, between
the observed frequencies (e.g., core-shifts in AGNs, emission from different
molecular species or transitions, etc). This astrometric outcome is retained in
the terms (φhighApos −R ∗ φlowApos) and (φ
high
Bpos
−R ∗ φlowBpos) in Eq. (5). In general,
using multiple combinations of source pairs, it is possible to disentangle the
individual contribution from each source as for PR measurements; for an ex-
ample see the solution for the five sources scheduled in the observations for
Rioja et al. (2015).
Simultaneous multi-frequency observations greatly facilitate the phase con-
nection, as the typical phase rate (' 10−13s/s) at these high frequencies
(∼100 GHz) requires the frequency switching duty cycle to be significantly less
than a minute. If R is an integer, then Rn is also an integer and the 2pi phase
ambiguity issue is implicitly dealt with in the Fourier mapping approach. For
this reason it is highly recommendable to select integer frequency ratios. The
special considerations for observations with non integer R values (particularly
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for unrelated maser species) are described in Dodson et al. (2014). In essence,
this requires ensuring good a-priori model values (so that nlow is zero).
The direct outcomes of SFPR are: i) inter-band astrometry (or λ-astrometry),
for precise registration of images at different bands, ii) increased sensitivity,
from the extension of the coherence times, which can be extended up to sev-
eral hours at 130 GHz (Rioja et al. 2015), and, moreover iii) astrometry of the
target source at νhigh with respect to an external reference source in the sky,
by also including PR observations between the pair of sources A and B at νlow
(as for the example in Dodson et al. 2014).
The propagation of errors for SFPR is discussed in detail in Rioja and
Dodson (2011). Briefly, the magnitude of σφSFPR, at the target frequency
νhigh, can be estimated using the Eq. (3), taking into account: i) the scaling by
R and R-1/R of the tropospheric and ionospheric terms at νlow, respectively,
along with ii) ∆θtro = δθ
high−low ∼ 0 and Tswt,trp = 0, iii) ∆θion = ∆θAB ,
Tswt,ion = Tswt. That is:
σφSFPRsta,tro(ν
high) = R σφsta,tro(νlow) = 0
σφSFPRsta,ion(ν
high) = (R− 1/R) σφsta,ion(νlow) = O(∆θAB ,R),
σφSFPRdyn,tro(ν
high) = R σφdyn,tro(νlow) ≈ 0
σφSFPRdyn,ion(ν
high) = (R− 1/R) σφdyn,ion(νlow) = O(∆θAB , Tswt,R)
The residual ionospheric terms in O() represent small contributions. More-
over, SFPR also calibrates the residual geometric errors, being non-dispersive,
and σφSFPRgeo ∼ 0; this is particularly relevant for space-VLBI, as discussed
above. Note that both components of the residual tropospheric errors are
completely calibrated, σφSFPRtro ≈ 0, thanks to the same-line-of-sight calibra-
tion and simultaneous observations at the two frequencies; the same applies
to the contributions arising from residual geometric errors (i.e., errors in ref-
erence source and antenna position coordinates), and in general any other
non-dispersive residual contributions. Therefore, σφSFPRsta,ion is likely to be the
dominant source of errors, particularly in cases where the angular separation
between the two sources is several degrees and R is large. Its magnitude can
be minimised by using values for R and νlow as low and as high as possi-
ble, respectively. For example, the value for σφSFPRsta,ion at ν
high = 132 GHz with
νlow = 22 GHz, where the scale ratio R − 1/R is 5.8 and the residual ex-
cess ionospheric path length at 22 GHz is ∼0.5cm, is an order of magnitude
larger than using νlow = 44GHz, for which R−1/R=2.7 and the residual path
length is ∼0.1cm. In this case the systematic limits to the SFPR astrometric
accuracy σ∆θSFPR at 88 GHz would be 0.9µas/deg and at 132 GHz it would
be 1.6µas/deg, using νlow = 44 GHz and nominal parameters for the atmo-
sphere; the corresponding thermal astrometric limits σ∆θthermal would be 1.2
and 0.8µas, at 88 and 132 GHz, respectively, for a DR 100:1.
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With an increasing number of telescopes equipped with simultaneous multi-
frequency capabilities the perspectives for mm-VLBI are most promising. The
KVN is leading the effort towards exploring the advantages of this technolog-
ical solution at the highest frequencies, together with the East Asian VLBI
Network for longer baselines such as those to the VERA antennas (Zhao et al.
2019). In addition, in Europe, Yebes-40m (Spain) has a multi-frequency sys-
tem installed and carries out regular observations with KVN and KaVA (Sohn
et al. 2018); Medicina-32m, Noto-32m and SRT-64m telescopes in Italy are
being equipped with compatible multi-frequency receivers, and several other
telescopes are expected to be simultaneous multi-frequency ready in the near
future, both in Europe and across the globe.
We expect that the current promising results will further improve with the
ongoing developments and observations with the next-generation instruments.
The specifications of ngVLA include the (near) simultaneous multi-frequency
capability, and this is further discussed in Sect. 7.1.3. SFPR is also relevant
for high frequency space-VLBI missions, such as Millimetron, a regime where
astrometry is challenging (see Sect. 4.4). The large a-priori orbit errors of
the satellite antenna(s) are an unsurmountable issue for PR methods; instead
these are readily compensated for, with the dual frequency calibration.
5.3 Multi-Frequency Phase Referencing astrometric method
Multi-Frequency Phase Referencing (MFPR) is a multi-frequency technique
that builds on SFPR and is equally of relevance for high precision astrometric
measurements in the highest frequency regime. It also relies on near simul-
taneous multi-frequency observations for tropospheric calibration, but unlike
SFPR it does not require a second source to remove the remaining disper-
sive residual terms. It is unique in enabling precise phase astrometry with
observations of only the target source. Instead MFPR explicitly measures the
dispersive terms on the target source itself, with dedicated blocks of obser-
vations at multiple bands spanning a wide frequency range between 1.3 and
22 GHz (νi, νj and νk in the observing schedule in Table 1). The basis of the
method and the first demonstration are described in detail in Dodson et al.
(2017b), along with special considerations for instrumental calibration and
other effects during the analysis. These ionospheric calibration blocks (ICE-
blocks) are interleaved with the program multi-frequency (near) simultaneous
observations in the highest frequency regime, and do not require the same si-
multaneous, or near-simultaneous, frequency coverage. Therefore standard fre-
quency switching capabilities between the frequency scans in the ICE-blocks
provides a sufficiently accurate measurement of the dispersive residual iono-
spheric contribution (i.e., ∆I . 0.1 TECU) which is calibrated out from the
program observations. The experiment measured a 21µas core-shift between 22
and 43-GHz for BL-Lac (for which no suitable high frequency calibrator could
be found), which deviated from the expectation based on the Blandford and
Ko¨nigl standard model. An instrument with great frequency agility is required
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to carry out MFPR observations and currently only the VLBA, with its fast
frequency switching capability and wide frequency coverage, is suitable.
The MFPR-calibrated target dataset is formed with a linear combination
of the phases from observations of the target source A at the reference and
the target frequencies (νR = ν
low and νT = ν
high, respectively) and R = νhigh
νlow
,
following Eq. (2):
φT −R ∗ φR =
(
φA(t, ν
high)−R ∗ φA(t, νlow)
)
=
(
φhighA,pos −R ∗ φlowA,pos
)
± σφMFPR ± σφthermal + 2pi(Rn− n′)
(6)
where σφMFPR stands for the MFPR calibration errors and the other terms are
as for Eq. (5). The same considerations as for SFPR apply if R is a non-integer
ratio.
Following the same steps as for SFPR, the position offset of the target
source relative to the MFPR-map center is a bona-fide astrometric measure
of the “core-shift”, or more generally the spectral position shift, in the target
source between the two observed frequencies, δθhigh−lowA . The calibration errors
are obtained following Eq. (3), with ∆I ∼ 0, ∆θtro = 0, ∆θion = 0, Tswt,trp =
0 and where Tswt,ion is the interval between the ICE-blocks. However, any
core-shift in the prime calibrator would introduce a fixed phase offset between
frequency bands. Care is needed to avoid or correct for this (see Dodson et al.
2017b, for an example). The propagation of errors for MFPR is discussed in
detail in Dodson et al. (2017b), and is similar to that for SFPR. That is:
σφMFPRsta,tro(ν
high) = R σφsta,tro(νlow) = 0
σφMFPRsta,ion(ν
high) = (R− 1/R) σφsta,ion(νlow) = 0
σφMFPRdyn,tro(ν
high) = R σφdyn,tro(νlow) = 0
σφMFPRdyn,ion(ν
high) = (R− 1/R) σφdyn.ion(νlow) = O(Tswt,ion,R)
In MFPR, like SFPR, both tropospheric residual contributions are per-
fectly compensated for (σφMFPRtro = 0), as they are derived from simultaneous
multi-frequency observations of the target source. Likewise, the ionospheric
residual errors are solved for in the direction of the target, hence σφMFPRsta,ion = 0.
The residual dynamic ionospheric errors σφMFPRdyn,ion, which are a function of
Tswt,ion and R, will be small as the multi-frequency ICE-blocks are closely in-
terleaved with the program observations. Therefore the systematic astrometric
precision for MFPR will easily be able to exceed that of the thermal limits
from a DR of 1000:1, i.e. σ∆θMFPR < σ∆θthermal.
MFPR requires an instrument with great frequency agility, and enables
precise λ−astrometry, between high-frequencies, using only observations of a
single source. This is relevant because the availability of calibrator sources
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is an increasingly significant issue at higher frequencies. We note that, how-
ever, the instrument stability is vital, as that can not be separated from the
measurement of the ionospheric dispersive terms.
Wide band receivers that allow for simultaneous observations at multiple
bands spanning a large frequency range are ideal for the ionospheric calibra-
tion using the ICE-blocks (e.g., the BRAND and VGOS technological devel-
opments, see Section 7.1.2). Simultaneous multi-band high frequency receivers
are the optimum solution for the tropospheric calibration, as for SFPR. We
believe that ngVLA could fulfil all of these requirements.
5.3.1 Beyond Frequency Phase Transfer: FPT-squared
FPT-squared is an alternative calibration method to MFPR that uses two
pairs of simultaneous dual-frequency observations at mm-wavelengths, of the
target source only. It builds on the Frequency Phase Transfer (FPT) method
described above but applies the scaled-correction twice, to allow for the can-
cellation of ionospheric contributions, using the multiple frequency pairs from
the KVN. Zhao et al. (2018) describe the basis of this approach and its suit-
ability for high-frequency all-sky surveys including very weak sources, such
as in iMOGABA (Sect. 8.3.3) providing coherence times up to several hours
at 86 GHz. The demonstration using KVN observations at 22/43 GHz and
22/86 GHz confirmed the validity of the FPT-squared calibration across large
angular separations and temporal gaps and confirmed the feasibility to cali-
brate sources distributed across the sky with a few calibrators. This method
is, as with MFPR, very sensitive to the instrumental stability. Additionally
the astrometrical signature, which is a mixture from both frequency pairs, can
be complex to disentangle. On the other hand it provides an approach which
does not require low frequency measurements such as ICE-blocks; therefore
this is of interest for arrays which do not have that capability, such as the
KVN. Given the rapid expansion of the SFPR network this technique may
find useful astrometric applications.
6 Historical development and advances
In this section we review the historical progress on astrometric precision and
the scope of application, since the foundational work. Here we are focusing on
the developments that enabled the improvements in astrometric performance.
Figure 2 illustrates the comparative performance between astrometric tech-
niques as a function of the observing frequency, assuming a baseline of 6,000 km.
The grey dotted line is for the astrometric limits imposed by the thermal noise
(or sensitivity) of the instrument, in the absence of systematic errors, assuming
a DR of 100:1. The other lines show the single epoch systematic astrometric
limits σ∆θcalsta, estimated for nominal values of ∆`z and ∆I that model the
dominant propagation medium effects, as presented in Sections 3 and 5, for
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Fig. 2 Plotted with lines are the estimates of astrometric performance, over the range of
frequencies with published results, arising from thermal noise with a DR of 100:1 (grey dot-
ted line; σ∆θthermal) and systematic calibration errors σ∆θ
cal from the techniques described
in Sections 3 and 5, with a baseline of 6,000 km. For conventional PR with an angular sepa-
ration of 1◦ (black solid line; σ∆θPR1◦ ), typical atmospheric residuals are ∆I=6 TECU for the
ionosphere and ∆`z=3 cm for the troposphere; these are the same for in-beam PR, except for
the angular separation being 10′(brown solid line; σ∆θPR
10′ ). The former line extends up to
50 GHz and the later extends up to 10 GHz, to indicate the typical limits of those techniques.
Also plotted are the expected performance for PR with Advanced Tropospheric Calibration
(ATC), with the same parameters as PR except for ∆`z=1 cm (green solid line), and for
PR with Advanced Ionospheric Calibration (AIC), with the same parameters as PR except
for ∆I=0.6 TECU (blue solid line). For comparison the astrometric errors from MultiView
(red solid line; σ∆θMV), with parameters from Sect. 7.2.4, are significantly smaller than the
thermal limits and would extend up to 50 GHz. SFPR enables astrometry at the highest
frequencies, beyond the thresholds of PR. The astrometric errors from SFPR, with a 5◦
angular separation (pink solid line; σ∆θSFPR), are shown between 40 and 130 GHz, using
νlow=22 GHz observed simultaneously. The final astrometric error is the combination of the
thermal noise and the systematic contributions, for each technique. Over plotted with sym-
bols are some empirical results for a single epoch from the literature. They illustrate that
the theoretical formulae match the empirical trends, and also indicate the improvements
over time to arrays and a-priori models. The results correspond to a range of different tar-
gets (pulsars, masers, AGNs), source flux densities, schedules, weather conditions, analysis
pipelines and instruments; thus significant differences are to be expected. For a meaningful
direct comparison they are normalised to correspond to 1◦ angular separation (except for
in-beam PR, where there was no normalisation, and SFPR where they are normalised to
5◦), single epoch accuracies and to approximately 6,000km baselines. The colours match the
techniques as described above and the symbols reproduce the trend of the systematic limits,
except where other limitations apply as discussed fully in Sect. 6.
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the different methods. Between these two competing contributions, sensitiv-
ity versus calibration errors, whichever is the largest determines the expected
measurement precision. Overplotted symbols correspond to observational re-
sults from the literature, to show how these conform to the expectations. To
allow for comparison of the multitude of different observations and reported
information the results are scaled to 1◦ angular separation between the target
and calibrator for conventional PR and to 5◦ for SFPR; no scaling is applied
for in-beam PR. VERA, KVN and KaVA observations are scaled to 6,000 km
baselines. All are converted to the equivalent of a single epoch, i.e. parallax
errors are scaled by the square root of the number of observations. This ignores
significant effects from: source declination, weather conditions, error analysis,
source flux density and scheduling strategy. These normalised values provide
guidance to how astrometric methods have improved over time, and therefore
how we may improve further, as required with the next-generation instruments
(Sections 4 and 7).
6.1 Conventional PR
The solid black line in Fig. 2 corresponds to the theoretical expectations for
astrometric errors in PR, arising from residual tropospheric and ionospheric
errors characterised with ∆`z = 3cm and ∆I = 6TECU, for a source pair
separation of 1◦. One can clearly appreciate how the astrometric errors are
expected to rapidly degrade towards low frequencies. As PR is impracticable
above 43-GHz, the line truncates at 50-GHz. Symbols in black are historical
astrometric measurement errors selected from the literature to represent the
performance of conventional PR methods across the spectrum, scaled to a
common angular separation of 1◦. Open circles are from the M87 observations
by Hada et al. (2011), which mapped out the frequency dependent core-shift
effect with exquisite accuracy. Matching precision was found by Guirado et al.,
(1995, black triangle-right) at 5 GHz, using phase-delay differential astromet-
ric analysis, for a single pair of sources. This can be compared to the accuracy
from only 5 years earlier for Lestrade et al. (1990, star). As GPS corrections
were not available at that time ∆I could have been as high as 40. The early ob-
servations of OH-maser parallaxes at 1.6 GHz by van Langevelde et al. (2000,
open triangle-right) were for many years the most accurate low frequency as-
trometric maser result, but also limited by the accuracy of the ionospheric
model. Chatterjee et al. (2004, triangle-left) showed that better pulsar as-
trometry precision could be obtained with conventional PR by observing at
(much) higher frequencies, 5 GHz in this case, even though the targets were
much weaker. The sensitivity is not given for the latter observations, but we
estimate that the DR would have been ∼30.
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6.2 In-beam PR
The in-beam PR strategy to mitigate the astrometric challenges relies on using
very nearby reference sources; its main application is at the low frequencies.
The brown line in Fig. 2 gives the astrometric performance expected, for the
same nominal conditions as in Sect. 6.1, but scaled to an angular separation
of 10′. The dilution factor is six times greater and therefore the errors are
six times smaller, compared to the black solid line for conventional PR. It
becomes harder to find in-beam calibrators for a target within the smaller
antenna FoV at higher frequencies (see predictions in Table 2), therefore the
usability of in-beam PR is reduced above L-band. Thus the line truncates at
10-GHz. The brown symbols in Fig. 2 are demonstrations of its effectiveness;
the pulsar astrometry of Fomalont et al. (1999, star) at 1.5 GHz was the first
demonstration using a close-but-weak reference source at 12′. The pulsar as-
trometry from Deller et al. (2019, plus) at 1.4 GHz are for a target-calibrator
angular separation of 10′. The difference between these two represents the
improvement in the systems (instrument, and a priori models) over the two
decades separating them. Rioja (1993) and (Rioja et al. 1997a) observed the
1038+528 source pair at 8.4 GHz, which is the closest pair of strong sources,
being separated by only 33′′ (it is worth noting that the latter analysis also
included S/X AIC corrections, so it is marked as a brown square outlined in
blue). Their analysis is dominated by the thermal noise, with a DR of ∼30.
Yang et al. (2016, triangle-down) performed a very deep EVN observation of
a Swift-detected tidal burst with an in-beam calibrator only 2′ away and with
a DR of up to 537 that had extremely high precision, leading to a very strict
limit on the speed of the outflow.
6.3 Advanced Tropospheric Calibration
ATC methods to reduce the value of ∆`z to ∼ 1 cm are described in Sect. 3.3.1.
Amongst these are GeoBlocks and simultaneous source-pair fitting, with phase
reference imaging and differential phase delay astrometry, respectively. Its
main impact is at the high frequencies regime, whilst at low frequencies the
limitations would be the same as for conventional PR. The green line in Fig. 2
corresponds to the theoretical expectations for residual tropospheric and iono-
spheric errors characterised with ∆`z=1 cm and ∆I=6 TECU, respectively, for
a target-calibrator angular separation equal to 1◦ and terminating at 50-GHz,
as for conventional PR. Examples of published measurements are shown with
symbols in green, scaled to 1◦. Guirado et al. (2000) and Mart´ı-Vidal et al.
(2008) carried out at 43 (triangle-right) and 15 GHz (triangle-up) respectively
and used UVPAP. A similar analysis in Ros et al. (1999, green filled circle
with blue outline), at 8.4 GHz (X-band) using dual band S/X observations,
where both advanced tropospheric and ionospheric corrections were made, lies
slightly below the nominal ATC line. We include only two of the many BeSSeL
results at 22 GHz that use GeoBlocks, Sanna et al. (2017, cross), which mea-
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sured a record distance to a star-forming region on the far side of the Galaxy
of 20.4−2.8+2.2kpc and Zhang et al. (2013, star), which has the record parallax
precision of ±3µas. Nagayama et al. (2011, diamond) reports the best VERA
parallax, with a precision of ±7µas. This VERA result is scaled down by a
factor of 3, to allow direct comparison with the VLBA results. The BeSSeL
observations of Xu et al. (2016, open circle) at 6.7 GHz sits in the frequency
regime where ATC corrections have little effect and it is appreciably above the
other ATC results.
6.4 Advanced Ionospheric Calibration
AIC methods to reduce the value of ∆I are described in Sect. 3.3.2 and their
main impact is at the low frequency regime, whilst the high frequency reg-
imen remain as for conventional PR. The blue line in Fig. 2 corresponds
to the theoretical expectations for systematic astrometric errors with resid-
ual tropospheric and ionospheric errors characterised with ∆`z = 3cm and
∆I = 0.6TECU, respectively, for a target-calibrator angular separation equal
to 1◦. Note that the value of ∆I is reduced by a factor of ten, compared to
conventional PR, achieving similar precision as in-beam PR. Examples of mea-
surement errors per epoch from the literature are scaled to 1◦ and shown as
blue symbols: Brisken et al. (2002, open diamond), for pulsar parallaxes mea-
surements at 1.6 GHz with fits to the residual phases to reduce ∆I; and Lara
et al. (1996, triangle), for AGN astrometry at 8.4 GHz, using dual frequency
S/X observations where analysis of the delays provide ‘ionosphere-free’ data
products.
6.5 MultiView
MultiView results in a superior compensation of both ∆`z and ∆I by using
multiple calibrators as described in Sect. 5.1. The red line in the bottom left
corner of Fig. 2 corresponds to the theoretical expectations for systematic as-
trometric errors with residuals as described in Sect. 7.2.4 and listed in Table 2
(Col. 3). As both the tropospheric and ionospheric errors are near-perfectly
compensated MultiView outperforms all other PR-related methods across the
frequency spectrum. It is relevant across the radio spectrum, but particularly
in the low frequency regime where the conventional errors are large. MultiView
calibration is most naturally carried out in the visibility domain. The measure-
ment of Rioja et al. (2017, square) in Fig. 2 is a MultiView demonstration on
an AGN with calibrators up to several degrees from the target, where the final
astrometric errors are dominated by the thermal errors that greatly exceed
the systematic errors, which are negligible. Fig. 3 demonstrates the astromet-
ric repeatability of these observations and compares them to PR. Sakai et al.
(2019, red star with green outline) used an alternative implementation, in the
image domain (Reid et al. 2017, so is only effective for the errors coherent
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Fig. 3 a) Astrometric measurements with MultiView and PR at 2◦, 4◦ and 6◦ (see Rioja
et al. 2017, for description), from the observations of quasars at two epochs, with respect
to the catalogue position. The size of the plotted symbols corresponds to the estimated
thermal noise error in each case. The labels describe the calibration methods (MV, PR
with the angular separation as a subscript) and epoch of observations (I, II). b) Zoom for
MultiView astrometric solutions, which lie within 100µasof each other. The error bars are for
the estimated thermal noise; both epochs agree to within thermal errors. c) Solid line shows
the corresponding repeatability astrometric errors versus the angular separation between
target and calibrator for PR analysis, and for an effective 0◦ separation for MultiView.
Filled and empty symbols show the Flux Fractional Recovery (FFR) quantity versus angular
separation for MultiView (diamond), PR2◦ (triangle), PR4◦ (circle), and PR6◦ (square), for
epochs I (empty) and II (filled).
over the array during the observations), applied to BeSSeL measurements of
Methanol masers at 6.7 GHz. Sakai et al. (2019b) used both MultiView in the
image domain and ATC corrections and can be compared to Xu et al. (2016),
which only had the latter, to demonstrate the impact.
6.6 Source Frequency Phase Referencing
SFPR results in a superior compensation of the fast tropospheric fluctua-
tions in ∆`z that sets the upper frequency threshold of any PR-method, and
opens a new window for VLBI-astrometry. The pink line in Fig. 2, starting
at 40 GHz and continuing to 130 GHz, is for the expected SFPR astrometric
errors σ∆θSFPRsta with a reference frequency (ν
low) of 22 GHz and a calibrator
5◦ away. See Sect. 5.2 for details. Examples of published measurement errors
are from KaVA (Zhao et al. 2019, open circle), at 43 GHz. Higher frequencies
plotted are from Rioja and Dodson (2011) using fast switching observations
with VLBA at 86 GHz (open star) and Rioja et al. (2015) using simultaneous
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Fig. 4 Outcomes of SFPR astrometric analysis using KVN observations at the four fre-
quency bands K/Q/W/D (22/43/86/130 GHz, respectively), from Rioja et al. (2015). Up-
per row: SFPR residual visibility phases for source and frequency pairs. The target source
and target frequency band (i.e., νhigh), along with the angular separation from reference
source, the reference frequency band (i.e., νlow), and the frequency ratio R, in parentheses,
are specified next for each plot. From left to right: 1928+738 at W band (6◦ separation from
reference, K band, R = 4); 2007+777 at W band (6◦ separation, Q band, R = 2); 1807+698
at D band (8◦ separation, Q band, R = 3); 1842+681 at D band (10◦ separation, Q band,
R = 3). Lower row: SFPR astrometric maps from left to right: 1928+738 at 87 GHz (W
band), 2007+777 at 87 GHz; 1807+698 and 1842+681 at 130 GHz (D band). Peak fluxes are
2 Jy beam−1, 266 mJy beam−1, 415 mJy beam−1, and 216 mJy beam−1, respectively. The
contour levels in the maps start from 0.75% of the corresponding peak fluxes, respectively,
and double thereafter in all cases. Each map includes a negative contour level at the same
percent level of the peak flux as the first positive one. The beam size is indicated at the
bottom left of the image.
multi-frequency observations with KVN at 86 GHz and 130 GHz (open square),
referenced to 43 GHz. All of the KVN and KaVA SFPR results are scaled to
6,000 km and 5◦ and are dominated by the thermal errors. Figure 4 shows the
astrometric measurements at the highest KVN band, 130 GHz, using pairs of
sources several degrees apart; full details are in Rioja et al. (2015). The SFPR-
calibrated visibility phases are shown along with the SFPR images at 86- and
130-GHz, after correcting with simultaneous observations at 22- or 43-GHz.
Small core-shifts for these sources could be detected, although this analysis was
limited by the resolution from the relatively short KVN baselines. Recent and
on-going developments towards a global simultaneous multi-frequency ready
network will enable high precision astrometry measurements at frequencies
never achieved before. SFPR underpins the successful KVN AGB KSP, which
is discussed in Sect. 8.2.4.
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7 Technological developments
Since its beginnings astrometry has benefited from the relentless pursuit of
technological developments in radio astronomy, that have allowed leaps in
performance. Historical examples of this would be the ever increasing capa-
bility to record wider bandwidths (that improves the sensitivity, therefore
reduces the thermal noise errors and enables faster source switching for more
precise phase and delay measurements) and the dual band S/X receiver sys-
tem (that allowed for the formation of ‘ionosphere-free’ data products). In
parallel improvements in the a priori models have reduced the intrinsic resid-
uals to manageable levels. These include improved station coordinates and
atmospheric models (from GPS data for example), amongst others. Current
ongoing developments are providing the required technological solutions to
enable optimum performance of the next-generation calibration astrometric
methods described above. They address the required capacity for broadband
and simultaneous multiple-frequency bands and multiple-calibrator observing
modes, for antenna arrays and single dish telescopes.
7.1 Capability for multi-frequency observations
There are clear science benefits from observations of the sky in a large range of
radio frequencies. The previous state-of-the-art has been to use a combination
of different radio receivers, each optimised for a specific range of frequencies to
provide a wide frequency coverage. Frequency agility comes from, for example,
switching between these receivers, which can be done within 10 secs for VLBA
(USA), 30 secs at Effelsberg-100m (Germany) and 1 min at the TianMa-65m
(China). New developments include the capability for simultaneous observa-
tions at multiple frequency bands and broadband systems, with continuous
frequency coverage that is up to one order of magnitude increased over the
previous generation of receivers. Broadband, multi-frequency systems have
played an essential role in breaking through the frequency thresholds for pre-
cision astrometric measurements. Likewise the next-generation of instruments
will open up both the low and high frequency regimes.
7.1.1 Simultaneous multiple frequency systems
The KVN innovative engineering solution for mm-VLBI provided a break-
through in both astrometry and also the detection of weaker sources through
extended coherence times, using a simultaneous multi-band quasi-optical de-
sign for 22/43/86 and 130 GHz (Han et al. 2013), which is shown in Fig. 5
left.
The impact of this multi-band system on spectral line VLBI is significant,
as several different maser types in different frequency bands could be observed
simultaneously, to obtain images of the emission with bona-fide astrometric
registration for the first time; Dodson et al. (2017a) provides a compilation
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Fig. 5 Two broad band technological solutions: left) The mm-wave KVN optical bench,
with separate receivers (with equalised path length) for simultaneous observations at 22,
43, 86 and 130GHz. right) the RadioNet BRoad bAND (BRAND) QRFH cm-wave receiver,
which is able to record a decade of bandwidth from 1.5 to 15.5 GHz (Flygare and Pantaleev
2019).
of possible scientific applications and the performance impact is estimated in
Sect. 7.1.3.
The Compact Triple-band Receiver (CTR) (Han et al. 2017), is a new
and much more compact implementation of the KVN multi-frequency re-
ceivers, with three frequency bands, K (18-26GHz), Q (35-50GHz) and W
(85-115GHz), fitted into a single cryostat. The reduction in size makes this
technical solution very versatile for installation in telescopes where space avail-
ability is an issue, as is usually the case. A similar configuration is being de-
veloped for the Yebes-40m (Spain) (Tercero and Garc´ıa-Pe´rez 2019). Their
new Q-band (31.5–50.0 GHz) and W-band (72–116 GHz) receivers, combined
with the existing K-band receiver, provide an alternative solution to the CTR
that has slightly wider bandwidths. Both these systems show that there is
great promise for providing mm-wavelength multi-band capability to a wide
number of observatories, greatly enhancing the VLBI array suitable for SFPR
and the next-generation instruments (as discussed in Sections 5.2 and 4.2,
respectively).
7.1.2 Broadband receivers
We note that a wide-band receiver can cover multiple ‘traditional’ frequency
bands, hence also providing the simultaneous multi-band observing capability.
In the cm-wavelengths, BRAND-EVN (BRoad bAND European VLBI Net-
work) (Alef et al. 2018; Flygare and Pantaleev 2019) is a RadioNet project
to build a prototype quad-ridge flared horn (QRFH) prime-focus receiver for
Effelsberg-100m (and other telescopes) that spans 1.5 to 15.5 GHz, which is
shown in Fig. 5 right. It follows on from earlier designs, such as the decade-
bandwidth log-periodic dual-dipole geodetic VGOS system called the ‘eleven-
feed’, which covered the ultra-wide bandwidths required for that project (2–
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13 GHz) (Yang et al. 2011). These systems enable the observations of radio
sources over the whole usable band, simultaneously.
Achieving its full potential sensitivity requires the sub-bands to be coher-
ently connected (via fringe-fitting) over the full band, which in turn preserves
the chromatic astrometry information and results in astrometrically registered
images of the emission from a source at the different observed sub-bands (in
a similar fashion as above, in mm-waves). The RadioNet project RINGS (Ra-
dio Interferometry Next Generation Software) is a processing development to
address the challenges resulting from the fringe-fitting analysis of such wide-
band data, among them a new functionality for the simultaneous calibration
of both atmospheric contributions to the observables (with their distinct fre-
quency dependencies) as well as the intrinsic chromatic effects from the sources
themselves.
Other recent similar receiver designs are the ultra-wideband low (UWL)
receiver for Parkes (Dunning et al. 2015; Hobbs et al. 2020) that covers 700
to 4030 MHz; two complementary wideband systems (UWMid, UWHigh) that
would operate from 4 to 25 GHz are in the design phase.
7.1.3 Simulation studies with simultaneous multi-frequency observations for
mm-VLBI astrometry with the ngVLA
In this section we consider the impact on the calibration performance from
using frequency-switching compared to the simultaneous multi-frequency ca-
pability, for the ngVLA (or any other interferometer). This work was carried
out under the ngVLA Community Studies program. We used the ARIS simula-
tor (Asaki et al. 2007), which has very complete tropospheric and ionospheric
models, to generate synthetic datasets with realistic atmospheric conditions
over a subset of ngVLA stations. These comprised of SFPR observations with
16 antennas, with baselines from 27 to 500 km (spanning the edge of the core
and the longest baselines of the proposed array), with a range of duty cycles
for the frequency-switching between zero (i.e., simultaneous) and up to 60 sec.
The array response to point sources was generated, with zero thermal errors
and nominal atmospheric conditions, at the four frequency bands of the KVN.
The lowest frequency (22 GHz) was used as the reference band for the SFPR
analysis for all the other bands.
Our first metric was the fractional flux loss (FFL; 1-FFR) measured from
the SFPR images compared to the input model, when the simulated data were
calibrated using interleaved observations with a 30sec frequency duty cycle.
This allows a direct measurement of the phase variance via the FFL. Addition-
ally we considered the effect of phase-connection errors, which approximates
the first metric. We estimated the loss of phase-connection by comparing the
forward predicted phase (using the rate and phase solutions) to the actual
phase, for a range of duty cycles. We define failure as where the error is greater
than a half cycle. Longer intervals, obviously, more often fail to correctly pre-
dict the actual phase. Figure 6 shows, with lines, the fraction of incorrectly
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Fig. 6 Simulated phase-connection losses in multi-frequency calibration, as a function of
frequency and of frequency-switching duty cycle, with lines for 60 sec (cyan), 40 s (red), 30 s
(green) and 20 s (blue). Simultaneous observations have zero losses and are indicated with
a black line superimposed on the x-axis. In all cases the simulations were thermal noise
free. Overplotted as symbols are the fractional flux losses in the images made from the
same simulated datasets, using SFPR with 30 s frequency-switching, in green circles, and
empirical results from the literature using VLBA and KVN observations (cyan stars and
black hexagons respectively Rioja and Dodson 2011; Rioja et al. 2014, 2015); labels list the
reference and target frequencies and the duty cycle, along with the publication. Losses are
over 10% at the highest frequencies (>100 GHz) even for the fastest conceivable duty cycle
of 20 s, whereas simultaneous observations would have zero losses.
predicted solutions, up to a target frequency of 130 GHz. Overplotted as sym-
bols are results from the SFPR imaging of the simulated ngVLA data and
empirical results from the literature. The two metrics agree well with each
other, and are in reasonable agreement with the empirical KVN and VLBA
results, for which the weather conditions were excellent rather than nominal.
Figure 6 shows that, above 100 GHz, the losses are over 10%, even for
the fastest conceivable duty cycle of 20 sec, whereas simultaneous observations
would have zero losses. Note that even at lower frequencies, for weaker sources,
one would still introduce significant errors, as the duty cycles would have to be
longer to overcome thermal limits; however simultaneous observations would
still result in zero interpolation errors. These studies underline the benefits of
simultaneous multi-frequency observations, and support the additional effort
required to design systems with this capability, at least for arrays observing
at mm-wavelengths (≥22 GHz).
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7.2 Multiple-pixel radio telescopes
The scientific impact of the next-generation instruments can be improved not
only by increasing sensitivity, but also by increasing the FoV, as both of these
increase the survey speed. Here we discuss innovative technologies that provide
multiple tied-array beams and multi-beam receivers, for connected arrays and
single dishes elements of a VLBI array, respectively.
7.2.1 Multiple tied-array beams from antenna arrays
When using a connected array as a VLBI element, such as the VLA, ATCA or
WSRT, it is common to combine the signals from the array’s individual anten-
nas and provide this as a single tied-array output. The connected array needs
to be self-calibrated, that is ‘phased-up’, before the formation of the VLBI
datastream.3 A tied-array beam (TAB) has the same FoV as the connected
array synthesised beam; that significantly restricts the FoV, compared to the
primary beam of a single antenna. A solution to increase the TAB size consists
of using only the antennas that are close together. A more effective alternative
would be to provide multiple streams, each corrected for different pointings
(or phase centers) within the single antenna FoV. Such functionality would be
essential for in-beam MultiView, as discussed in Sects. 4 and 5.1, for ultra-
precise astrometry with the next-generation instruments. It would also enable
more efficient VLBI surveys with the SKA. Historically no connected array
has offered the possibility of forming such multiple TABs, but this will change
in the near future. APERTIF, on the Westerbork Synthesis Radio Telescope,
has had plans for this functionality (although they are currently on hold); the
next correlator upgrade for ATCA (BIGCAT) will provide this, and similarly
for ASKAP. This would result in the full sensitivity of the connected array,
with the same potential FoV as for the individual antennas.
Multiple phase-centres (i.e., tied-array beams towards multiple directions)
will be a standard offering for tied-array SKA operations; this is essential given
its small synthesised beamwidth. The tied-array FoV for SKA-Mid would be
around or less than an arcsecond, and this would be combined with antennas
having FoVs of many arcminutes in VLBI observations.
7.2.2 Multi-beam receivers
Receiver packages hosting multi-beam receivers, that is multiple independent
receiver horns, have an excellent track record in accelerating survey speeds
by enlarging the FoVs. For example the Parkes Multi-Beam, which increased
the effective FoV of the Parkes dish (64m) by a factor of 13, was essential for
the rapid HI all-sky survey HIPASS (Barnes et al. 2001) and the HITRUN
pulsar surveys (e.g., Keith et al. 2010). Note however that these traditional
3 http://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/vlbi
http://www.atnf.csiro.au/vlbi/dokuwiki/doku.php/lbaops/lbascheduling
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multi-beam receivers do not provide continuous sky coverage as the individual
beams do not overlap.
The capabilities of the multi-beam receiver also allows for simultaneous
VLBI datastreams to be collected from those beams pointing at multiple VLBI
targets, to be cross correlated with the single datastream from a smaller an-
tenna. Such a proof-of-concept was performed with the Parkes Multi-Beam to
the ASKAP test-bed (12m), also located at Parkes, as part of the prepara-
tory work for ASKAP (Rioja et al. 2011b). A more interesting demonstration
would be to cross correlate the SKA-scale collecting area of FAST (500m),
which is equipped with an operational Multi-Beam receiver providing 19 dual
polarised beams spread over the same FoV as a 30m antenna, with other VLBI
antennas. As yet no such demonstration has been performed.
7.2.3 Phased Array Feeds
The most applicable example of increasing the FoV is provided by phased array
feeds, which provide a uniform access to any part of the sky within the enlarged
FoV, see Fig. 7. Phased Array Feeds (PAF) at the focus of a parabolic radio
telescope address one of the great limitations of single telescopes and arrays;
that they only see one point in the sky, the equivalent of a single pixel camera.
When used as part of a connected array this limitation is offset by the fact that
one can form a high resolution image of the radio sky within that single pixel.
Nevertheless, it was recognised that with the capabilities of modern backends
one can do much better than this (see discussion in Fisher and Bradley 2000).
PAFs on large single dish antennas allow these highly sensitive telescopes to
observe a greater portion of the sky. The technologies behind the APERTIF
and ASKAP PAFs apply multi-beam approaches to interferometres, each pixel
being in essence a separate interferometric array with a slightly offset pointing
centre. The benefits for precision astrometry is when these PAF-enabled instru-
ments form an element in the VLBI array. The most effective implementation
of this is to match the FoV of the highly sensitive, larger single dishes, to the
larger FoV of the less sensitive, smaller single dishes (see discussion in Rioja
et al. 2008), for calibration using MultiView (Sect. 5.1). The antenna arrays
currently fitted with PAFs are all comprising smaller dishes, so the benefit for
VLBI is less. In these cases the multiple tied-array beam forming (Sect. 7.2.1)
is the most applicable capability. In the future we can expect to perform SKA-
VLBI observations with the multiple TABs of SKA, plus a network of large
telescopes with PAFs and medium size single pixel telescopes, as illustrated
in Fig. 1. Currently large telescopes equipped with PAFs, such as Effelsberg
(100m), Jodrell Bank (76m) or (planned) FAST (500m), Parkes (64m) and
GreenBank (100m), could serve as pathfinders for MultiView in the SKA-era.
Parkes has just been funded to implement a new version of the ASKAP PAF
(Dunning et al. 2016), which combines the Vivaldi feeds of APERTIF and the
checker-board technologies of ASKAP with cryogenic cooling. It is expected
that this will reduce the effective system temperature Tsys/ηeff from about
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Fig. 7 Phase Array Feeds on Parkes-64m (left) and WSRT (right) telescopes, respec-
tively. Shown are the Mk-II CSIRO PAF (originally designed for ASKAP and modified for
Effelsberg-100m), where a PCB checker-board element approach is taken, and APERITIF
for WSRT, which uses an array of Vivaldi elements. Image credit: CSIRO and ASTRON.
74K for the ASKAP system to 27K for the CryoPAF, delivering a large boost
in performance.
7.2.4 Empirical atmospheric studies for estimating MultiView astrometric
limits
A crucial question for MultiView astrometry is to characterise to what level
the atmospheric residuals can be minimised by the spatial interpolation be-
tween the solutions of multiple calibrator sources. G. Keating has been test-
ing strategies to correct for tropospheric gradients for Sub-Millimeter Array
(SMA) observations at 230GHz using tip-tilt corrections (Keating, in prep.).
Fig. 8 left shows an example of the Allan Standard Deviation (ASD) formed
from the post-correction residual phases. Baselines of 300m are equivalent to
about 6◦ on the sky, which is the maximum scale of interest for phase refer-
enced VLBI. In the example shown the ASD falls as τ−2/3 at long timescales,
which indicates that the residuals act as if they are from a thin 2D screen. On
shorter timescales, when the thermal noise levels dominate, the ASD initially
follows a τ−1/2 relationship, before transitioning to τ−2/3 after about 100 sec-
onds. The ASD at 300 seconds is always better than ∼ 3 × 10−15 for 100m
baselines and is the equivalent to about 0.01mm of uncompensated residual
excess path length (i.e., ∆`MVz ).
To quantify the ionospheric residuals we use measurements at m-wavelengths
from the SKA-Low precursor, the Murchison Widefield Array (MWA), which
are fully discussed in Dodson and Rioja (2018). To characterise the effects of
the fine scale spatial structure we have used the by-products of the calibration
method LEAP (Rioja et al. 2018). This method provides the station-based
phase solutions of all calibrators lying within the very large FoV, as shown
in Fig. 8 right. These solutions can be used to characterise the smoothness of
the TEC screen, at the sub-degree scale for the calibrator directions. This is
the regime most relevant to the SKA. We have taken a set of calibration solu-
tions from observations carried out on 18 Dec 2017, which has been classified
as of moderate weather. All of these datasets were from the extended MWA
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Fig. 8 Left: An example of the tropospheric structure function from tip-tilt corrected ob-
servations with the SMA at 230 GHz from Keating etal. (in prep.). The Allan Standard
Deviation for each telescope pair is plotted, with colours indicating the baseline length
along EW. The longer-term trend suggests the limiting systematic residual errors are from
a 2D thin screen over the array, which extends to ∼6◦ (assuming the dominant water layer
is at 3km). Right: An example LEAP measurement of the ionospheric directional dependent
phase surface over MWA Phase-2 at 150 MHz. The typical phase residual after subtracting
a planar fit is equivalent to 1 milliTECU (Dodson etal., in prep). The phase screen extends
out to ∼1◦ for MWA Phase-2, with a dense sampling due to the 128 antennas.
Phase-2 array, with a maximum baseline of about 6km; this corresponds to
a maximum angular scale is 1◦ for a nominal ionospheric height of 300 km.
We assumed that the measured TEC surfaces could be approximated by pla-
nar surfaces (or other low-order polynomials) and measured the residuals of
the fits. We limited ourselves to the strongest (>25 Jy) sources within each
FoV, because it is vital to obtain results with the smallest possible intrin-
sic thermal noise. The LEAP measurements show an RMS of uncompensated
residual excess TEC of ∼1 milli-TECU (i.e., ∆IMV ) after a planar fit has been
subtracted for 90% of cases. Therefore in the majority of cases there are no
significant deviation from a linear gradient at small (<1◦) angles. These results
predict that MultiView, with three calibrators up to ∼60′ away, would result
in ∼5µas astrometric precision at 1.6 GHz for most weather conditions with
next-generation instruments. Additional calibrators (>3) allow higher order
surfaces to be fitted, and increase the range of weather conditions in which
high precision astrometry can be achieved. For this reason, among others, the
current recommendation for µas-precision MultiView with SKA-VLBI is that
eight VLBI beams will be required. We would recommend that these calibra-
tor sources should evenly span the FoV of the smaller antennas in the array,
with the larger antenna forming multiple pointed beams towards the sources.
These studies suggest that the calibrator and target sources can be separated
by up to a degree (for ionospheric corrections) or more (for tropospheric cor-
rections) without introducing non-trackable changes in the phase screen. It
is worth noting that we also used results from the MWA Real Time System
(Mitchell et al. 2008), to show that the larger residuals from MultiView with
angular separations up to 6◦ (Dodson and Rioja 2018) should match the sen-
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sitivity of current instruments. This has been confirmed in Rioja et al. (2017)
with 6◦ source separation at 1.6 GHz and with recent VLBI test observations
using OzScope (Hyland 2020) with sources separated by up to 8◦ at 8 GHz.
These atmospheric studies provide the basis for the MultiView astrometric
error estimates listed in Column 3 of Table 2 and in Fig. 2 and Sec. 9. Note
that there is no dilution effect for these MultiView residuals.
8 Astrophysical applications with current instruments
Here we review some of the recent published results from high precision radio
astrometric surveys in the last few years, drawing out the important contri-
butions from large and un-biased surveys, and link these to improvements in
methods. For a more general review of the field see the references in Reid and
Honma (2014).
8.1 Pulsar parallax at 1.4 GHz: PSRpi
Pulsar trigonometric distances provide important insights into pulsar emission
physics, their equation of state, gravitational waves and SNR associations. Sur-
veys allow for the construction of the 3D-structure of the free electrons in our
galaxy, by connecting the pulsar dispersion measures to their trigonometric
distances (Yao et al. 2017). Also, the interpretation of kick velocities to un-
derstand the properties of the binary progenitors requires accurate distances
for the pulsars. The major 1.4 GHz VLBA pulsar astrometric program PSRpi
has released the ‘data-paper’ (Deller et al. 2019) for the project, which in-
creased the number of more distant (>2kpc) pulsars with accurate distances
by a factor ten. PSRpi is a beautiful demonstration of a successful in-beam PR
survey. Out of the 110 initial pulsars proposed an in-beam reference source
could be detected for 60 targets. The minimum pulsar-reference source sepa-
ration was only 0.8′ and the median angular separation was 14′. The median
pulsar parallax error is 45µas, from typically nine epochs of observations (i.e.,
∼135µas astrometric error per epoch). It is worth noting that the astrometric
errors for these close-but-weak sources are dominated by the thermal errors.
This is shown in Fig. 9, where the analysis from Deller et al. (2019) is con-
trasted to that in Kirsten et al. (2015) (which includes data from Chatterjee
et al. (2004)). Deller et al. (2019) (Eqs. 1 and 2) reach the same conclusions as
described in Sect. 5.1 above; that to achieve systematic errors at the level of
10µas per epoch of in-beam PR observation the angular separation should be
∼1′, and that the sources should be strong enough so that thermal errors do
not dominate, that is the DR should be 1000:1. This underlines the strength
of MultiView, for which the effective angular separation can be essentially
zero, whilst using strong and widely separated reference sources to provide
the matching precision.
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Fig. 9 Comparisons of PR-type astrometric errors achieved with existing instruments as a
function of angular separation between target and reference sources, from left) Deller et al.
(2019, Fig. 8) at L-band, for the parallax error and from right) Kirsten et al. (2015, Fig. 1)
for the per epoch astrometric error that includes data from Chatterjee et al. (2004, Fig. 3),
at 1.6 and 5 GHz. For the conventional PR (right), where calibrators will not be thermally
limited in general, the dependence on angular separation is clear, which indicates that the
errors are systematic. On the other hand for in-beam PR (left) the dependence on solely
angular separation breaks down, due to the low SNR; that is as in-beam calibrators tend to
be weaker the thermal and the systematic errors are approximately equal. Thus increased
sensitivity with the next-generation of instruments will not result in higher astrometric pre-
cision, with these traditional methods. This is because the sensitivity will either allow the
use of closer but weaker calibrators that match the current DR and result in thermal-error
limited astrometry, or calibrators at approximately the same separation as currently, that
would then result in systematic-error limited astrometry. The right-hand plot also demon-
strates the difference in PR astrometric quality at 1.6 and 5 GHz from real experiments, as
indicated by the fits to the 5GHz and 1.6GHz data; the slopes are steeper than the expec-
tations from Asaki et al. (2007) (which is 1 mas/◦at 1.6 GHz), but the ratio of the slopes
agree, to within errors.
8.2 Galactic astrometry
8.2.1 Galactic structure: BeSSeL and VERA
It is extremely challenging to derive the structure of the Milky Way using
observations from the inside, particularly with optical observations that are
effectively blocked by dust extinction along the plane. Radio observations of
HI and particularly maser astrometry therefore provide a unique insight. The
combined on-going efforts from VLBI astrometric projects carried out mainly
with the VLBA and VERA are significantly revising our knowledge of the
Galaxy (Reid et al. 2019; VERA Collaboration et al. 2020, respectively). These
observations result in high-precision astrometric measurements of the source
coordinates, trigonometric parallax distances, proper motion and radial veloc-
ity towards a few hundred high mass star-forming regions (Reid et al. 2019;
VERA Collaboration et al. 2020, references therein). The targets are mainly
massive young stars with 22 GHz H2O and 6.7 GHz methanol maser sources,
with a few additional methanol masers at 12 GHz. These astrometric surveys
are revealing the three-dimensional spiral arms structure of the Milky Way
60 Mar´ıa J. Rioja, Richard Dodson
with unprecedented accuracy. A highlight is a record breaking distance mea-
surement, for the H2O maser G007.47+00.05, with a parallax of 49 ± 6µas,
equivalent to a distance of 20.4+2.8−2.2 kpc (Sanna et al. 2017). In the latest results
Reid et al. (2019); VERA Collaboration et al. (2020) have used the combined
set of astrometric measurements to refine the underlying dynamical model de-
scribed by the fundamental constants R0 and θ0, the distance to the Galactic
Center and the circular rotation speed of the Local Standard of Rest (LSR),
respectively. The parameter values from the latest modelling of Reid et al.
(2019) are R0 = 8.15 ± 0.15 kpc and θ0 = 236 ± 7 km s−1. For VERA Col-
laboration et al. (2020) the results are R0 = 7.92 ± 0.16stat ± 0.3sys kpc and
θ0/R0 = 30.17 ± 0.27stat ± 0.3sys km s−1 kpc−1. These results include, for the
first time, precise astrometric results from observations of 6.7 GHz methanol
masers, e.g., Xu et al. (2016); Wu et al. (2019); Sakai (2018); Sakai et al.
(2019b); Zhang et al. (2019) and Rygl et al. (2018). The important advance
over the pure ATC corrections from the use of the image-based variation of
MultiView for 6.7 GHz observations is indicated by the improvement between
the first and the later results (see Fig. 2). Additionally, the LBA is now deliv-
ering its first methanol maser parallax measurements (Krishnan et al. 2015,
2017) that fill in the fourth quadrant. Observations towards the Galactic cen-
tre are extremely important to improve the dynamical models, and these could
be provided by observations from the Southern hemisphere, such as with the
SKA. In the meantime this can be attempted with MultiView astrometry with
established arrays in the Northern hemisphere to correct for the larger errors
due to the low elevation observations.
8.2.2 Spiral arms and density waves
The BeSSeL results are also revising our knowledge of the structure of the
local arm, revealing it as a major spiral structure with star-forming activity
similar to that in the Galaxy’s major spiral arms (Xu et al. 2016). Honma
et al. (2015) presented simulation studies that suggested the feasibility of us-
ing astrometric measurements of a few hundred sources at the current level
of accuracy to discriminate between different dynamical models proposed to
explain the nature and characteristics of the spiral arms. That is, between the
quasi-stationary density wave theory (Lin and Shu 1964) and non-steady spi-
ral arms, based on numerical simulations (Baba et al. 2015, 2013). The former
predicts that the dust and stars will be separated within the arms, whilst the
latter predicts that they will be co-located. Work by Hachisuka et al. (2015);
Sakai et al. (2015); Griv et al. (2017); Sakai (2018); Sakai et al. (2019b) com-
pared the empirical results with the predictions. Griv et al. (2017) argued that
the data supports density wave theory, based on the earlier dataset in Reid
et al. (2014). This is refined in the work of Sakai etal. (2015; 2019b) on the
Perseus arm that suggests the addition of shocks to the density wave theory
is required to explain their results. However they note that the full picture
is almost certainly more complicated than this, as results for other regions
appear less clear or even contradictory.
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Sakai et al. (2019a) has recently published a VERA study on the outer
rotation curve, in which they add a further four H2O maser distance mea-
surements to the literature. They use these to determine that the maximum
height of the Galactic warp increases with Galactocentric distance and has
an oscillatory behaviour. They suggest that these are possibly induced by the
close passage of the Sagittarius dwarf galaxy.
8.2.3 Early stages of stellar evolution: POETS
Moscadelli et al. (2016) presented the first results of the Proto-stellar Out-
flows at the EarliesT Stages (POETS) survey. The POETS survey has the
goal of imaging the outflows for hundreds of Young Stellar Objects (YSOs),
at resolutions of a few mas and a few km s−1. As such it has afforded, for the
first time, a VLBI survey of the properties of the most widespread interstel-
lar masers based on a large, homogeneous dataset. POETS uses the BeSSeL
measurements of parallax and proper motion of H2O masers, combined with
additional proper motion studies of 6.7 GHz methanol masers, and continuum
observations between 4 and 26 GHz carried out at lower-resolution with the
JVLA. Sanna et al. (2018) reported on and interpreted the radio continuum
data of the whole sample, and Moscadelli et al. (2019) completed the com-
bined analysis of the radio continuum and H2O maser observations for all
the targets, focusing in particular on the H2O maser kinematics. Recently,
Moscadelli et al. (2020) has presented the statistics of the H2O maser proper-
ties. The main result of the work so far is that the 3D velocity distribution of
the H2O masers near the YSO in all the sources of the sample can be inter-
preted in terms of a single physical scenario: a jet emerging from a disk-wind
system. The statistical results indicate that the large majority (>80%) of the
H2O masers originate near (within 1000 AU) the YSOs, and that about half
of the maser population (with intensities <100 mJy/beam) is still undetected.
8.2.4 Simultaneous multi-frequency astrometric survey of evolved stars with
KVN
The Evolved Stars KVN KSP is providing new insights into the late stages in
stellar evolution, illuminating the mass loss processes and the development of
asymmetry in CircumStellar Envelopes (CSE), using a systematic astrometric
study. The project comprises of simultaneous multi-frequency observations of
22 GHz H2O and 43.1/42.8/86.2/129.3 GHz SiO masers towards a sample of 16
evolved stars sources, over multiple epochs with sufficient temporal sampling
to trace the variations over multiple stellar pulsations. It is performed using
SFPR measurements and the outcomes are bona-fide astrometrically regis-
tered high resolution VLBI images of the spatial and temporal distribution of
the emission at all transitions, free of any assumptions. This has enabled as-
trometry for asymptotic giant branch (AGB) stars at frequencies up to a factor
of three higher than any previous work. First results from these observations
are now being published (e.g., VX Sagittarii (Yoon et al. 2018), R Crateris
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(Kim et al. 2018) and V627 Cas (Yang et al. 2019)). Thus, the unbiased mea-
sure of overlap or offset between masers at different transitions, ring sizes and
temporal evolution provides a wealth of information to: i) provide the basis to
investigate the spatial structures and dynamics from the SiO to H2O maser
regions associated with a mass loss process and to trace the development of
asymmetry in CSEs; ii) probe the astrochemistry of the matter thrown off
into the ISM, as it is excited by the stellar pulsation of the host star; and iii)
discriminate between competing proposed maser pumping mechanisms (i.e.,
radiative or collisional) and to deduce the physical conditions in the CSE.
8.2.5 Long-period variable star astrometry for the cosmic distance ladder
An important step on the cosmological distance ladder comes from period-
luminosity relations in variable stellar sources. There are several classes of
objects, and accurate distances to Galactic examples are vital for the calibra-
tion of the relationship. Mira variables and other long-period variables, which
are low- to intermediate-mass (1–8M) AGB stars that pulsate with a pe-
riod range of 100–1000 days, are the classic example for these studies. These
sources are detectable to great distances, especially in the era of space infrared
telescopes (Wood 2015), making them potentially a very powerful distance es-
timator. Optical astrometric observations of these sources have not been very
reliable as AGB stellar diameters are of a similar magnitude to the parallax
position shift, and their surfaces are mottled and variable. VLBI astrometry
contributes to this field by providing precise trigonometric parallaxes to the
1.6 GHz OH, 22GHz H2O and 43 GHz SiO masers associated with Galactic
examples of these stars (Nakagawa et al. 2018). Recently, high-precision astro-
metric results, using ATC, have been obtained from observation of H2O masers
(Zhang et al. 2017; Nakagawa et al. 2016; Sudou et al. 2019). Additionally, a
VERA survey using SiO masers is being developed. Alternatively, a OH maser
survey using MultiView astrometry could be useful (see discussions in Orosz
et al. 2017).
8.3 Extragalactic astrometry
8.3.1 Proper motion surveys of AGNs
Large surveys with precise measurements of the proper motion of distant ob-
jects allow the extraction of global signatures, such as detection of the Gravi-
tational Wave background, the Hubble expansion and the evolution of Large-
Scale Structure, when combined with the redshift measurement. Truebenbach
and Darling (2017) has published a catalog of 713 VLBI proper motions of
AGNs, derived from both archival and new measurements, which they have
used to measure the Secular Aberration Drift. As the authors point out, this
demonstrates that large precise catalogs are as useful in radio as they are in
optical bands. The measurements of each individual quasar will be affected by
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intrinsic core-jitter effects, however averaging over many of these uncorrelated
errors using a large survey allows one to extract the global signatures. Their
catalog is formed from the time-series of absolute astrometric VLBI Geodetic
observations from the Goddard archive, and additional relative astrometric
observations to improve on that dataset.
8.3.2 Towards global absolute phase astrometry
Abella´n et al. (2018) presented a first successful demonstration of precise differ-
ential phase-delay astrometry of the angular separations between 13 radio-loud
AGNs around the North Celestial Pole, that are up to 15◦ apart, using VLBA
observations at 43 GHz. This is probably reaching the limit of the applica-
bility of the analysis with UVPAP, given the increasing challenges for higher
observing frequencies using PR. Previous demonstrations from this team were
at lower frequencies (Mart´ı-Vidal et al. 2016, and references therein). The pre-
cise astrometry measurements at 15 and 43 GHz were compared, to study the
jet physical conditions, using the core-shift measurements, and to compare
astrometric methods, among them SFPR. Their results agree with predictions
from opacity and synchrotron self-absorption effects following the standard
model for AGNs (Blandford and Ko¨nigl 1979).
This determination is an important step towards wide field or global as-
trometry using the very precise phase observable. The precise determination
of the coordinates of extragalactic sources across the sky is relevant to measur-
ing the ICRF. Traditionally, wide field astrometry has been carried out using
group-delay based analysis of geodetic VLBI observations, which traditionally
has been about 30–40 fold less precise than the phase observable. Nevertheless
note that geodetic VLBI is also undergoing a regeneration, as discussed in
Sect. 4.5, and the approaches are converging.
8.3.3 Gamma-ray bright AGN survey: iMoGaBA
Interferometric Monitoring of Gamma-ray Bright AGNs (iMoGaBA) is a sur-
vey carried out with the KVN to investigate the origins of gamma-ray flares
in AGNs (Lee et al. 2016). It is known that most compact flaring gamma-ray
sources are AGNs, and determining the origin of these flares hinges on discov-
ering their location in the jet. At the higher frequencies one expects the AGN
core and the base of the jet to be exposed, as the otherwise bright synchrotron
emission is reduced. Combining simultaneous high-frequency high-resolution
imaging of 34 radio-loud AGNs with gamma-ray emission and radio-flux mon-
itoring, at 22/43/86 and 130 GHz, has the potential to provide direct obser-
vations of where the emission comes from, during a flare. IMoGaBA is not
strictly an astrometric survey, but uses FPT-squared (Sect. 5.3.1 and Algaba
et al. 2015; Zhang et al. 2017) to detect the weaker sources; also in the exten-
sion to global baselines (AiMoGaBA) astrometry with SFPR will be added.
Therefore we have included it in this review. Their observational interpretation
is that the radio and gamma-ray locations are sometimes offset or orphaned
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(for 1633+382 see Algaba et al. 2018) and sometimes associated with the radio
lobe hot-spot for longer term variations and the core for the short term vari-
ations (for 3C 84 see Hodgson et al. 2018). AiMoGaBA will target the issue
of jet base wandering after high-energy flares, first seen in Mrk 421 (Niinuma
et al. 2015). This will determine whether the changes are due to alterations in
the orientation of the jet or in the environment and magnetic field conditions.
8.4 Radio astrometry in the GAIAera
With the publication of GAIA Data Release 2 (DR2; Gaia Collaboration
et al. 2018a), the comparison between the GAIA positions, parallaxes, and
proper motions, and accurate VLBI astrometric measurements for sources
that have both optical and radio detections has become a very active field
of research. Multiple studies focus on different objects, among them, AGN
positions (Petrov et al. 2019b), star-forming regions (Kounkel et al. 2018) and
evolved stars (van Langevelde et al. 2018).
One of the interests of these comparisons is to verify these initial GAIA re-
sults. Among these, the parallax value for the Pleiades cluster is particularly
important because of its role in the astronomical distance ladder. Previous
comparisons of VLBI and Hipparcos parallaxes resolved the distance contro-
versy by ruling out the Hipparcos value (Melis et al. 2014). The new GAIA
results agree with all VLBI Pleiades parallax measurements of eight stars that
show compact emission (Melis 2018). Similar studies of a sample of YSO can-
didates (GOBELINS: Ortiz-Leo´n et al. 2018) also show agreement, but hint
where further improvements in the measurements of GAIA systematics could
be made. Individual examples of disagreement can be found, for example on
SV Peg (Sudou et al. 2019).
Xu et al. (2019) used a sample of 108 sources with both VLBI and GAIA
DR2 astrometric results. The sample included many different types of stars,
including YSOs, AGB stars, pulsars and other radio stars. They found excellent
agreement between VLBI and DR2 parallaxes for all subsamples, except for
the AGBs. These stars are generally large, variable and embedded in dusty
environments, as mentioned in Section 8.2.5. Furthermore many are in binary
systems, for which the orbital motions are not modelled in DR2. For these
cases radio observations of the masers around AGB stars can yield parallax
accuracies roughly an order of magnitude better than GAIA. The compendia of
comparative studies dealing with the GAIA parallax zero point issue confirm
that these are in agreement with expectations at this point in the mission
(Lindegren et al. 2018), being negative and under 100µas with an average bias
of −29µas.
For AGNs, Mignard et al. (2018c) reported that in general, the VLBI/DR2
position differences are small (close to their uncertainties of a few hundred µas)
with some exceptions. Petrov and collaborators (Kovalev et al. 2017; Plavin
et al. 2019; Petrov et al. 2019b) used the distribution of the GAIA/VLBI
position angle offsets with respect to VLBI jet directions to determine the
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nature of the outliers; they find that the position offsets show a preference to
align along the jet. They argue that this could be caused by the presence of
unresolved optical jets below the resolution of the GAIA point spread function,
i.e., 100–300 mas, and propose that these VLBI/GAIA position offsets could
be used for probing properties of the innermost regions (i.e., accretion disks
and the relativistic jets) of the AGNs.
Several papers have been published that compare GAIA results to the
proposed ICRF3 sample (Charlot et al. 2020). These suggest that ICRF3 is a
better match to GAIA than ICRF2 (Frouard et al. 2018). The work to identify
a suitable common set of radio stars that are to be found in both datasets, to
bring the two reference frames into agreement has begun (Makarov et al. 2019;
Lindegren 2020). Again this work is helping in identifying systematic errors in
the GAIA results, to be corrected in the future releases.
9 Future ultra-precise astrometric possibilities with the
next-generation instruments
We have presented the best outcomes at this point in time for astrometric
surveys in Sect. 8, and linked these to the improvements in methods. We have
listed the next-generation of methods in Sect. 5, and how those can improve
the astrometric outcomes. The next step is to speculate what is possible with
the combination of the next-generation of instruments (Sect. 4) with these
improved methods, and what science could be targeted. These possibilities can
be summarised in a similar plot to that with which we explored the current
status (Fig. 2), but for the future, in Fig. 10. With the next-generation of
instruments the frequency range can be enlarged to cover 0.1 to 130 GHz and
with an increase in the sensitivity limits and smaller astrometric errors.
VLBI with SKA will be much more sensitive than our current thermal
limitations but the baselines will still be global, so we have assumed a DR of
1000:1 and baselines of 6,000 km to provide a thermal astrometric error limit
(grey dotted line) in Fig. 10. Also plotted are the estimated astrometric limits
from in-beam PR systematic calibration errors with a 10′ pair separation and
∆I=6 TECU and ∆`z=3 cm residuals (brown line, and as for Fig. 2), which
matches the thermal potential that is achieved with the current instruments
and a DR of 100:1. We repeat that to improve the astrometric accuracy signif-
icantly with a single in-beam reference source requires that both the thermal
limits provide DR 1000:1 and that the reference source is as close as 1′. The
improvement of sensitivity from the SKA can provide the former or could
improve the latter, but not both simultaneously. However we have shown in
Sect. 7.2.4 that MultiView calibration errors (red line, as for Fig. 2) result in
systematic ionospheric residuals of the order of a few milli-TECU and insignif-
icant tropospheric residuals (equivalent to less than 1µas above 5 GHz). The
increased sensitivity will improve the chances of finding multiple in-beam cali-
brators at frequencies ≤ 1.4 GHz for Phase-1 and at frequencies ≤ 6.7 GHz for
Phase-2 (see Table 2, Col. 8). Of course at higher frequencies source-switched
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Fig. 10 Estimates of single epoch astrometric performance for the next-generation instru-
ments, as a function of frequency between 100 MHz and 130 GHz. The grey dotted line is for
astrometric errors arising from thermal noise with a DR of 1000:1 and 6,000 km baselines
(σ∆θthermal). The solid lines are for systematic calibration errors (σ∆θ
cal) with atmospheric
residuals of ∆I=6 TECU and ∆`z=3 cm, and angular separations of 10′, ≤1◦, 1◦ for in-beam
PR, MultiView and SFPR respectively. Systematic in-beam PR calibration errors (brown
solid line; σ∆θPR10′ ), are now far above the thermal limits indicated in grey (c.f. Fig. 2),
and would therefore limit the astrometry. On the other hand the limits from MultiView
(red solid line; σ∆θMV), above 1 GHz is below or around those from the thermal noise. The
limit is around a µas, which is the probable limit of the fiducial reference points (Sec. 2.2).
MultiView promises to provide astrometric accuracies at an order of magnitude lower in fre-
quency, which match those of current best in-beam PR10′ astrometry at 2 GHz. Therefore
SKA with MultiView opens up a new window, down to 100 MHz, for precision astrometric
applications and for ultra-precise astrometry at frequencies >2 GHz. Finally SFPR (pink
solid line; σ∆θSFPR), referenced to 22 GHz and a second source at 1◦, which runs from 40
to 130 GHz. This would be applicable to provide ultra-precise astrometry up to the highest
frequencies of ngVLA with simultaneous multi-frequency observations. Superimposed with
symbols are indicative experiments: with SKA-Low at 300 MHz we could track the orbit
of a planet at 1AU around a star at 1kpc to 15% accuracy (per epoch), with SKA-Mid or
ngVLA at 1.4GHz we could measure the parallax to 5% accuracy at the Galactic centre, at
6.7GHz we could measure the parallax of methanol masers in the LMC to 5% accuracy and
with ngVLA at 43GHz we could measure the jet structures and core-shifts on a 10AU scale
for a AGN at 10Mpc.
MultiView will be possible with SKA and ngVLA, while correcting for static
systematic errors in the analysis. With such limitations we expect the Multi-
View astrometric errors to dominate the nominal thermal limit below 1 GHz
(albeit far better than the astrometric limits currently achievable), and be
below the nominal thermal limit above 1 GHz. On the other hand SFPR
(pink line) potentially delivers ∼1µas astrometry in observations with ngVLA
at high frequencies, and would probably only be limited by stability of the
fiducial reference points (see Sect. 2.2).
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Given these limits, science goals for VLBI with SKA-Low, with astrometry
at the mas level, could be parallaxes of nearby (≤1kpc) sources. For exam-
ple, with SKA-Low, decametric emission from a Jupiter-like planet located
at 1AU from its star would be an easily detectable (although complex to un-
tangle) astrometric signal. Astrometric observations of pulsars at the Galactic
Centre at 1.6 GHz with SKA-Mid or ngVLA would have matching thermal
and systematic limits, and we should be able to reach astrometric errors of
10µas per epoch, providing a 5% error in the distance estimates. Astrometric
observations of 6.7 GHz Methanol masers with SKA-Mid or ngVLA would be
limited by the achievable thermal limits, and we should be able to reach errors
of a few µas. Parallax and proper motion measurements of such sources in
the Magellanic Clouds would determine whether the clouds are gravitation-
ally bound to our Galaxy, or not. For ngVLA, continuum observations with
sub-µas astrometric precision would be possible with MultiView and SFPR,
that would probe down to 10AU for a source at 10Mpc. This is the scale where
the AGNs launch the jet, so studies of the jet launching mechanism and the
evolution will be very illuminating. Detailed considerations of many other po-
tential SKA-VLBI projects have been recently published (Paragi et al. 2015,
2018; Garcia Miro 2019; Venturi et al. 2020).
The ngVLA planning for ‘Astrometry and Long Baseline Science’ (Reid
et al. 2018) includes the goal of 1µas astrometry. Their objectives, among
other possibilities, are: improved pulsar distances, to remove the Galactic ro-
tational acceleration uncertainty from the measurements of the post-Keplerian
parameters (Kramer et al. 2006); to measure the proper motion of the post-
merge ejecta from neutron star-neutron star gravitational-wave sources, as
demonstrated for GW-170817 by Mooley et al. (2018), which can be used to
improve the measurement of H0 using geometric constraints; tracking H2O
maser motions in the sub-parsec disks around AGNs; to probe the magnetic
fields at these scales through their polarisation properties; and the proper mo-
tions of AGNs with H2O masers in the Local Group of galaxies, following
on from the work of Brunthaler et al. (2007). All of these are relative ultra-
precise astrometry projects. The neutron star projects would be carried out
at frequencies below 8 GHz, therefore would require MultiView calibration, for
which multiple TABs will be essential. The other projects are at 22 GHz and
source-switched MultiView should deliver the required astrometric precision.
Not considered in Reid et al. (2018) are the possibilities for SFPR projects
with frequency phase referenced λ-astrometry. An astrometric study of core-
shifts and jet structure with ngVLA sensitivities, for example, will provide
exquisite insight into the jet-physics and launching mechanisms from AGN
black-holes, which will complement the results from the EHT. Additionally,
the ngVLA would have the potential to perform astrometry on multiple maser
emission lines around their stellar hosts. A large survey of the masers around
the full gamut of AGB stars, with sufficient temporal sampling to track their
responses to the pumping mechanism in different astro-chemical environments,
would provide a huge increase in our understanding of the seeding of the ISM.
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We are sure that the readers could provide a host of perhaps even more exciting
ideas.
10 Summary
We are in an exciting epoch in radio astronomy, with a huge investment in
future Great Observatories such as SKA and ngVLA. Additionally there are
pathfinder instruments such as FAST, ASKAP, MeerKAT, KVN, LOFAR and
MWA, among others. These will all be used in conjunction with other tele-
scopes across the globe, for high resolution VLBI observations. Space-VLBI
is an active field with proposals for Millimetron and Cosmic Microscope un-
der discussion. The next-generation of instruments and the opportunities that
these provide will allow for unprecedented sensitivity with increased frequency
coverage and should lead to improved astrometry, provided systematic effects
are compensated. VLBI provides the highest astrometry precision in astron-
omy currently; the next-generation instruments will maintain this leadership.
Bona-fide precise astrometry adds a vital new dimension to astronomical mea-
surements, providing positions, proper motion, distances and the direct regis-
tration of multi-epoch and multi-frequency temporal and frequency monitor-
ing. As such it makes a fundamental contribution to many research fields in
astrophysics.
This review has therefore focused on the fundamentals of high-precision
astrometric VLBI, how it relates to other methods, how it has developed over
time and how it could develop into the future. We have presented a common
framework of the basis for all astrometric VLBI, which allows us to understand
how the different approaches are related, where they will perform best and how
they could further improve.
The propagation of the astronomical signal through the atmosphere in-
troduces the dominant source of systematic errors and this then has set the
limit to the frequency range, using established calibration methods. Advances
have come from addressing this limitation, and have required new methods
and technologies, which we describe. The frequency range for astrometry with
established methods has been between 1.4 and 43 GHz, achieving the level
of 10µas per epoch, in the best cases. We showed how observations at these
frequencies with established methods are matching the thermal noise levels
of current instruments. Additionally, established astrometric methods are cur-
rently limited to ground based arrays with accurate station positions.
To take advantage of the order of magnitude increase in sensitivity from
the next-generation instruments for astrometry, systematic error calibration
will have to be improved. Having made the link between the various astro-
metric strategies using the common framework allows us to identify the key
issues. These can be addressed with next-generation calibration methods, and
therefore indicate what are the technological capacities that must be in place
on the next-generation of instruments. These new astrometric strategies are
being demonstrated, operate beyond the range of frequencies possible with
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established methods and are in active development. They are reducing the
systematic limitations from the atmospheric contamination by orders of mag-
nitude, as shown in the studies reported here. The most promising of the new
methods are MultiView and Source Frequency Phase Referencing, which pro-
vide precise astrometry at the low and high frequencies, respectively. These
in turn would be best implemented using simultaneous multiple beams and
multiple frequency observations, respectively. Additionally, these methods are
suitable for astrometry with Space-VLBI.
We reviewed the technological approaches that are providing simultane-
ous multiple beams and multiple frequency capabilities. For the former these
are multi-beam receivers, Phased Array Feeds and Tied-Array Beams; for
the latter these are multi-band and broadband receivers. The next-generation
methods and technological solutions are essential considerations for the next-
generation instruments, to achieve thermal noise limited astrometry. The po-
tential, we argue, is to enable precise astrometry over 0.3 to 130 GHz and above
at the level of 1µas, in the best cases. At this point the stability of the fiducial
reference points would probably be the new dominant astrometric error.
We reviewed recent astrometrical publications focusing on surveys with
current instruments. We emphasise the contributions to astrophysics that
come from large and un-biased astrometric surveys, which is where the next-
generation instruments will have the greatest impact. These surveys covered
a large range of targets, such as pulsars, masers, stars and AGNs, to derive
neutron-star physics, dynamic Galactic parameters, astrochemical conditions,
gamma-ray origins and cosmology. We explored potential science cases for the
next-generation instruments given the increased frequency range and precision.
The next-generation observatories, and their pathfinders, are working to-
wards ultra-precise (∼1µas) astrometry, and ensuring that the technological
capabilities for optimum performance of next-generation methods are imple-
mented. The prospects are therefore excellent for precise to ultra-precise as-
trometry across the whole radio band and the future for radio VLBI-astrometry
is bright.
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Table 4 Symbols and abbreviations used in this review.
Quantities
ν Observing frequency.
φA,B,C Residual phase observable for sources A, B or C.
φT,R Residual phase observable for target or reference.
τφ Residual phase Delay,
1
2pi
φ
ν
.
τg Residual Group Delay,
1
2pi
δφ
δν
.
t time.−→
b VLBI baseline vector.
sˆ unit vector in the direction of the source.
θbeam Synthesised beamwidth of the array.
δθ The final astrometric product.
Acronyms
AIC Advanced Ionospheric Calibration.
ATC Advanced Tropospheric Calibration.
DR Dynamic Range.
EOP The Earth Orientation Parameter.
ICRF International Celestial Reference Frame.
MFPR Multi-Frequency Phase Referencing.
MV MultiView.
RMS Root Mean Square.
SEFD System Equivalent Flux Density.
SFPR Source/Frequency Phase Referencing.
SNR Signal to Noise Ratio.
TAB Tied Array Beam.
TEC Total Electron Content measured in TEC units. 1 TECU = 1016 electrons.m−2
Residual Error Contributors
φpos,str,geo,ion,tro Residual phase terms from source position and structure, array geometry,
ionosphere and troposphere propagation respectively.
∆θion,tro,AB Angular separation relevant for ionospheric calibration,
tropospheric calibration or between sources, respectively.
Cw Unitless parameter for the tropospheric dynamic scale: 1,2 or 4 for good, normal or poor.
Zg,i,F mean Zenith angle between sources from the ground, at ionospheric pierce points for the
the bottom and the peak of the F-layer, respectively.
nT,R number of phase ambiguities for target or reference observations, respectively.
∆νeff Effective synthesised frequency bandwidth relevant in geodetic observations.∑N
i=1 αi Weighted sum of calibrator corrections relevant for MV.
R General scale factor, for example: the frequency ratio in SFPR or ∑Ni=1 αi in MV.
∆`z Residual tropospheric excess path length at Zenith.
∆I Residual ionospheric TEC.
∆`I ∆I expressed as excess path length at 1GHz.
Measurement precision
σφcal Combination of all systematic phase errors relevant for a given calibration method (e.g. PR, MV or SFPR).
σΦ Standard Deviation of the phase observable.
σφthermal Thermal phase noise contribution.
σ∆θthermal Thermal astrometric error contribution.
σ∆θcal Systematic astrometric error contribution for a given calibration method (e.g. PR, MV or SFPR).
σ∆θ Total RMS of the astrometric measurement (systematic plus thermal).
